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ABSTRACT

Richmond's moment-method analysis for the current distribution and input impedance of
a monopole element on a disk ground plane above flat Earth is used to obtain the far-zone
field in the free-space region. Numerical results for directivity and radiation efficiency are
presented as separate entities, unlike previously reported results based on Monteath's
compensation theorem or Sommerfeld's attenuation function that give only the product of the
directivity and radiation efficiency.
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SECTION 1
INTRODUCTION

The modeling of monopole elements with circular ground planes in proxiinity to Earth
has been greatly enhanced in recent years by method-of-moments programs developed by
Richmond for disk ground planes [1] and by Burke, et al., for radial wire ground planes
[2,3.4].

The method-of-moments models include the following advantages over models based on
Monteath's compensation theorem [5,6,7,8,19] or Sommerfeld's attenuation function [9]:
(1) current on the ground plane is computed rather than approximated by that for a perfect
ground plane; (2) results are valid not only for moderately large ground planes, but for
electrically small ground planes; (3) ground-plane edge diffraction is determined directly
rather than neglected or obtained by perturbation methods; (4) analytical restrictions on
evaluating Sommerfeld's integral (such as requiring that the Earth's complex relative
permittivity have a modulus much greater than unity) are avoided; and (5) directivity and
radiation efficiency are determined as separate entities, rather than being lumped together as
a product to yield the antenna gain. Nevertheless, those other models are useful for
validating method-of-moments numerical results and for treating large ground planes whose
segmentation in method-of-moments models would exceed computer computational capacity
and precision.

Richmond has presented a moment-method analysis for the current distribution and input
impedance of a monopole element on a disk ground plane in free-space [10] and above flat
Earth [1] with numerical evaluation by computer programs RICHMD1 and RICHMD?3,
respectively. Weiner, et al. [11,12] have used Richmond's results in reference 10 to develop
a computer program, RICHMD?2, for the far-zone field, directivity, and radiation efficiency
for the case when the ground plane is in the free space. The present effort uses Richmond's
results in reference 1 to obtain the far-zone field when the ground plane is above flat Earth.
Numerical evaluation of the far zone field is achieved with Richmond's computer program
RICHMONDA.
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Consideration is limited to the far-zone field in the free-space region, with ionospheric
effects excluded. When the observer approaches the air-Earth interface, the total far-zone
field will include a small contribution from the "surface wave," but this term is not
considered here. Instead of a null on the radio horizon, the surface wave will contribute a
far-zone evanescent field that is small compared to the far-zone field in the direction of peak
directivity. However, the significant effect of the near-field surface wave in reducing
radiation efficiency is included in the present analysis.

The radiation field from the surface magnetic current density (magnetic frill) of the
coaxial line feed is included in the present analysis. Although the magnetic frill is the
excitation source for the current on the monopole element and the disk ground plane, its
contribution to the far-zone field may usually be neglected (as was done in references 11 and
12) unless the monopole element is so short that the radiation resistance of the magnetic frill
becomes comparable to that of the monopole element.

The theoretical model, numerical results, validation of numerical results, and conclusions
are given in sections 2, 3, 4, and 5, respectively. A more comprehensive treatment and
review of monopole elements on circular ground planes in proximity to flat Earth is given in
reference 13.
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SECTION 2
THEORETICAL MODEL

2.1 METHODOLOGY

The antenna geometry consists of a vertical monopole element (length 4 and radius b), on
an infinitely thin disk ground plane of radius a at a height z, above flat Earth (see
figure 1). The Earth, with a dielectric constant &, conductivity ¢ (S/m) at a radian frequency
@ (rad/s), and free-space wavelength A (m), has a complex relative permittivity £*/¢,
=g (1 -jtan §) where tan § = loss tangent = 0/(w & &) = (AGI2T &) (Up/€p) 12
= 60 Ao /ey. The monopole element and disk are assumed to have infinite conductivity. The
location of an arbitrary far-zone observation point P is designated by spherical coordinates
(p, 6, ¢) with original O at the air-Earth interface below the monopole element.

The feed for the monopole antenna is a coaxial line with its inner conductor connected
through a hole of radius b; in the ground plane to the vertical monopole element and its outer

conductor connected by means of a flange to the ground plane. The inner conductor's

diameter is equal to the monopole element's diameter 2b and the outer conductor's diameter is
equal to the ground-plane hole diameter 2b;. The current on the outside of the coaxial-line
feed is assumed to be zero because of the attenuation by lossy ferrite toroids along the
exterior of the coaxial-line feed (see section 2.4 of reference 12). The coaxial line feed
excitation may be replaced by an equivalent surface magnetic current density (magnetic frill)
M, given by equation (23) of section 2.4.

The magnetic frill excitation gives rise to a monopole element current distribution /,(z)

along the z axis of the monopole element and a disk current density distribution Jp (p) in the
radial direction p in the plane of the disk. The current density J,(p) is the net current
density on the top and bottom of the disk (see equation 2.4.1 of reference 12). The method-

of-moment solution for the distributions /,(z)and J,, (p) is described in reference 1. These
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Figure 1. Monopole Element on Disk Ground Plane Above Flat Earth




currents are used to determine the far-zone field at P(r,8,¢). The distribution /,(z) and J,,(p)

include the contribution of the surface wave. The theory which follows is based on a report by
Richmond (see Acknowledgments).

Wherever possible the notation will agree with that of references 1 and 10, except for the
following: the disk radius is denoted by a (instead of c); the monopole element radius is noted
by b (instead of a); the disk hole radius, equal to the radius of coaxial line outer conductor, is
denoted by b; (instead of b); the Earth complex permittivity is denoted by €* (instead of £,); the
free-space wave impedance is denoted by 171 (instead of 7); and the origin of the z axis is on the
Earth's surface rather than on the disk ground plane. These changes in notation are made to
conform with the notation for the numerical results of section 3. The time dependence is

exp(jot). The parameters of free space are denoted by (i,,€,), K = w,/uoeo, andn, = w/#o /€ -

The far-zone electric field intensity of the monopole/disk antenna may be regarded as the
sum of the field EJ radiated from the electric currents and the field EM radiated from the
magnetic frill current at the antenna terminals. To calculate these fields we consider the
electric current density J, the magnetic current density M radiating in free space, and the field
reflected from the air-Earth interface. In these calculations, the perfectly conducting antenna
structure is removed and replaced with the equivalent currents J and M.

One successful but tedious approach to the far-zone fields starts with the rigorous
expressions in terms of Sommerfeld integrals. This formulation is interpreted as a plane-
wave expansion that includes a finite spectrum of uniform "space” waves plus an infinite
spectrum of evanescent plane "surface” waves. Since the evanescent waves attenuate
approximately exponentially with their height above the Earth, and since their peak
amplitude relative to that of the space waves approach zero with increasing distance into the
far-field, they are deleted in the far-zone field derivations. Finally, the method of stationary
phase is applied to evaluate the remaining integrals asymptotically as the observation point
recedes to infinity.
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The same far-zone field expressions can be derived more readily via Carson's reciprocity
theorem [22,23] as follows. The coordinate origin is on the air-Earth interface, the disk in the
plane z = zy, and the wire monopole extends from zy t0 2 + h on the z axis. A point in the

far-zone region is specified by the spherical coordinates (r, 6, ¢) where r denotes the radial
distance from the origin and the angle @ is measured from the z axis.. The goal is to
determine the far-zone field E(r,,) in the free-space region. To accomplish this, we let

(E ‘. H ') denote the total field in the vicinity of the origin produced by an infinitesimal
electric test dipole located at the far-zone point (7,6, 9) in the plane ¢ = 0. If the dipole is

oriented in the @ direction and has a dipole moment p, its field in the vicinity (x, y, z) of the

origin is

EL(x,y,2) =~ B P/ )
anr
R’ =r - (x sin@+ z cosB) 2)

With this field incident on the air-Earth interface, the total magnetic field above the Earth in
the vicinity of the origin is

yjkp exp(~ jkr) exp( jkx sin 6)

H'(x,y,z)=
(x.y.2) 4rnr

{exp( jkz cos 8)+ Rexp(—jkzcos 0)] 3)
where R denotes the plane-wave Fresnel reflection coefficient at the air-Earth interface.

The Earth conductivity, permeability, and dielectric constant are denoted by (0, u2, &).
We let 12 = Lo, in which case the reflection coefficient R (for parallel polarization) is given

by

24




(€% 1€,)cos8— (£ * I€, )~ sin® O
(e"‘/e,,)co.s6+\/(:s’"/e,,)--sin2 7]

R=R =

The complex relative permittivity of the Earth is

(e¥e,)=¢, - jof(we,)

“4)

&)

From equation (3) and Maxwell's curl equations, the total electric field intensity above

the Earth in the vicinity of the origin is

B =T jkn, p exp(— jkr) exp( jkx sin6) cos @
x Arr

{exp(jkzcos 8) - R exp(-jkz cos 8)]
E,=0

gt = ZJTop exp(—jkr) exp(jkx sin8) cos@

z Axr

-[exp( Jjkz cos 8)+ R exp(— jkz cos 9)]

Carson's reciprocity theorem states that
[1-Ea={[[(1-E'-m H)as

where E is the total far zone field at (r, 6, ¢).
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On the right-hand side of this equation, J and M denote surface-current densities on the
perfectly conducting monopole/disk antenna and the integration extends over the surface of
the monopole/disk antenna. On the left side the integration extends over the infinitesimal test

dipole and is readily evaluated to be pEg(r,6,9), so the reciprocity theorem reduces to

Eo(r.0.0)=(1/p) [[(/-E'-M-H')as (10)

where p is the dipole moment.

The magnetic-frill current M is given. Upon completion of the moment-method analysis,
the electric current density J is known on the vertical wire monopole and the horizontal
conducting disk. The test dipole fields are given above, so equation (10) contains no
unknown quantities. Thus, evaluation of the far-zone field Eg (r, 6, ¢) of the monopole/disk

antenna is now simply a matter of performing the integrations in equation (10). If we start
with a &-oricnted test dipole, a similar analysis shows that the resulting far-zone ¢
component of the monopole/disk antenna is Ey (7, 6, ¢) = 0.

2.2. THE FIELD FROM THE MONOPOLE ELEMENT

In far-zone field calculations for the vertical wire monopole, the tubular surface current
density J can be replaced with a filamentary line source /(z) on the z axis. From equations
(8) and (10), the far-zone field from the vertical wire is given by

Ez (r, 0’ ¢) - Jkno exp(—jkr)sme
4rr

" ) expljkz cos 6) + R expl~ jkz cos )] dz an




The vertical wire monopole is divided into L segments with lengthd’ = L/h. A typical

segment (segment £) extends from zf to sz, on the z-axis, with the following current

distribution:

lfsink zf—z + Izlsink z—zf
14(2)= ( sz'n kd’ ( ) (12)

The current entering the segment at the bottom is 12‘ =1 (zf ) and the current leaving the

segment at the top is 15 = l(zf).
From equations (11) and (12), the far-zone field of the wire monopole is given by

Ey(r,6,9)=C ilf {exp( jkz§ cos 9)— A exp( jkzt cos 0)
=1

+R [exp(— jkz cos 6) - B&xp(‘szll cos 9)]}

+C il{ {exp( jkz{ cos 0) - Bexp( jkz3 cos 0)

£=1
+R [exp(— jsz cos 0) - Aexp(- jkzé cos 6)]} (13)
where
A = cos (kd) + j cos 0 sin (kd) (149)
B = cos(kd) - j cos 0 sin (kd) (15)




jno exP(“jkr)
= 16
4rxr sin(kd) sin@ (16)

On the lowest wire segment (£ = 1), the current at the bottom is Ij =1,. On the highest

segment (£ = L) the endpoint currents are /{ = Iy and I3 =0, where N denotes the number
of equations and the number of unknowns in the moment-method solution for the

monopole/disk antenna.

2.3 THE FIELD FROM THE DISK GROUND PLANE

The electric current density J p(p) on the perfectly conducting circular disk is radially
directed and independent of the azimuthal angle ¢. The disk lies in the plane z = zo. If
(;", ¢, za) denotes the cylindrical coordinates of a source point on the disk, the far-zone disk

field is obtained from equations (6), (7), and (10) as follows:

E4(r.0,4) = LT ax,;(; {kr) €05 01 exp(jkz, cos 6) - R exp(—jkz, cos 0)] -
1, f,/p( 0’ )cos ¢” exp{jkp’ cos ¢ sin0)p’'de” dp’
¢rl - ¢I - ¢ (18)

Since the disk current density J, is independent of ¢’, one integration can be evaluated as

follows:

I_:coscp exp(jx cos9) do =27 Jy(x) 19)

I




where J)(x) denotes the Bessel function. Beginning at this point, it is convenient to let p
(instead of p”) denote the radial coordinate of a source point on the disk. From equations
(17) and (19), the far-zone field of the circular disk is

Eg =0.5 kn, [exp(- jkr)[r] cos @

{exp(jkz cos 6) - R exp(~ jkz, cos 6)] J': pJy(p) Jy(kpsin6) dp (20)

The perfectly conducting circular disk is divided into M concentric annual zones. A
typical zone (zone m) has an inner radius p", an outer radius p3', and a width
d=pT -p" =(a-b)/M. Let I" denote the electric current entering the zone at pJ*, and

I3 the current leaving at p7*. Then the electric surface current density on this zone is

I sin k{p5' - p)+13 sin k(p- plm)

J3(p)=
p(P) 2npsin kd

@1

From equations (20) and (21), the far-zone field of the circular disk is given by

Ed(r.6,9)=Te exp(—jkr)cos 6

4rnr sin(kd) [exp(] kz, cos 8)~ R exp(- jkz, cos 9)]

M, »
| ::1: [1,’" sin k(p3' - p) + 13 sin k{(p - pI" )] J, (kp sin6) d(kp) 22)
m=1
On the first zone (m = 1), the endpoint currents are ;" =~/, and I3 =/,. On the last zone
1 1 2 =4

(m = M), the endpoint currents are Ii" = I); and /7" =0. Numerical integration techniques
are required in evaluating this expression.
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2.4 THE FIELD FROM THE MAGNETIC FRILL

The perfectly conducting circular disk and the coaxial-fed monopole are replaced (via
Schelkunoff's equivalence principle) with equivalent electric and magnetic surface currents
radiating in free space over the flat Earth. The equivalent magnetic surface-current density,
derived in section 2.4 of reference 12, is given by:

_-v Ilp tn(by/b)), b<p<by @)
0, p elsewhere

This "magnetic frill,"” located at z = 2o, is centered on the z-axis and has inner and outer radii
of b and bj, respectively. The antenna is considered to be transmitting, with a voltage
generator (of V peak volts) at the terminals and the coaxial outer conductor at zero potential.
The free-space field of the magnetic frill is analyzed by Tsai [14,15]. From equations (3) and
(10), the far-zone field of the frill is given by

E(r.6.¢)= :Le—:p;t(%jir)[exp( jkz, cos 8) + R exp(~ jkz, cos 6)]

. Ibbl jan¢(p')Cos¢”exp(jkp'COS¢”Sin9)p’d¢”dp, (24)

Since the magnetic current density is independent of ¢’, one integration can be performed
with the aid of equations (19) and (23) to obtain

M _ —kV exp(— jkr)
Eg = 27 1n{b 3/b) [exp( Jkz, cos 6)+ R exp(— jkz, cose] I Jy(kpsin@)dp  (25)
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The final integration is performed as follows:

[51Bx) dx=-1,Bx/B 26)

Thus, the field of the magnetic frill is given by

EM _ V exp(- jkr)
8 —
2r ¢n(b ,/b)

[exp(jkz, cos 6) + R exp(- jkz, cos B)]
[J,(kb 5in8) - J ,(kasin 6)]/sin 6 27)
This expression can be simplified with the following:

J(x)=1- x2[4, x<<1 (28)

From equations (27) and (28), the far-zone field of the magnetic frill is given by

k2V(b* - b Jexp(- jkr)
8r ¢n(b,/b)

Eg(r.0.¢)=

-[exp( Jkz, cos 8)+ R exp(- jkz, cos 0)] sin@, kb <<1 29)

2.5 THE TOTAL FAR-ZONE FIELD

The total far-zone field E4(r, 6, ¢) defined by equation (10) in the free-space region is the

sum of the fields from the monopole element, the disk ground plane, and the magnetic frill.
Accordingly, the total far-zone ficld in the free-space(air) region is given by
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E,(r.0,0)=Eg(r,0)=Ey(r,0)+E4(r,8)+ EM(r.0) (30)

where Eg , E§, Egi are given by equations (13), (22), and (29), respectively. The fields Eg,
Eg, Eg ,and Eg’ are uniform with azimuthal angle ¢ because of the azimuthal symmetry of

the antenna geometry in figure 1.

Consider now the cases where the Earth medium either is lossy (o > 0) or is free space

(=0, g =1). The total far-zone radiated power Pr is given by

ni2

(n/n,)/ [|Ee(r.0X’r*sin6 a6, >0
o

n
(7/ no)/j lEo(r,O)IzrzsinG df; o=0
L o

where Eg(r,0) = the far-zone field (in the free-space region) given by equation (30).
N, =(Ho/Eo )1/2 = free space wave impedance (ohms)

For the case of & > 0, the integrand in equation (31) is integrated over only the hemisphere
above the Earth because the field in lossy Earth, relative to that in free space, approaches zero
at large radial distances r.

The antenna directivity d(8) expressed as a numeric is given by

d(6)= 2z r*|Es(r,6)/(n,P) (32)
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The antenna directivity D(8), expressed in decibels, is given by

D(6) =10l0g,p d(6) (dB) (33)

The input power P, to the monopole element is given by

P, =(1/2) Re[V(0)I*(0)] (34)
where V(0) = Peak input voltage (volts). The input voltage V(0) is usually set equal to
1 volt in the moment-method analysis.
I*(0) = Conjugate of the peak input current /(0) at the base of the monopole

element. This current is solved for by the moment-method analysis in
reference 1.

The input impedance Z;, is given by
Z, = Rin+ j Xin =V(0)/1(0) (35)
where R;, and X;, are the input resistance and reactance, respectively.
The antenna radiation resistance R, is defined as
Raq = 2P, JJI(O) (36)

The antenna radiation efficiency 7 is defined as

N=P/Po=[1+(Raa/Ra)] (37)
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For the case of free-space (0 = 0, & = 1), the radiation efficiency is equal to unity because
the monopole element and the disk ground plane conductivities are assumed to be infinite.
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SECTION 3
NUMERICAL RESULTS

Numerical evaluation of the far-zone field, directivity, radiation resistance, and radiation
efficiency is executed by Richmond's computer program RICHMOND4 written in
FORTRAN 77, with double precision for use on a DEC VAX computer. The program
RICHMONDA4 uses subroutines from Richmond's computer program RICHMOND?3 that
determines the current distributions on the monopole element and disk ground plane, as well
as the input current /(Z,) and input impedance Z = V/I(zo). Brief descriptions, listings, and
sample outputs by Richmond of programs RICHMOND3 and RICHMOND4 are given in
appendices A and B, respectively. Programs RICHMOND?3 and RICHMOND4 are
extensions of programs RICHMD1 and RICHMD?2, respectively, described in reference 12
for a monopole element on a disk ground plane in free space.

Examples of numerical results are presented here for a thin, quarter-wave monopole
element on a small to moderately large disk ground plane resting on medium dry ground at
15 MHz in the high-frequency band (b/4 =107, h/A =0.25, 27ta/A = 0 to 8 wavenumbers,
20=0, &r =15, 0=0.001 S/m, tané = 60A0/er = 0.08). More extensive results, in the form
of an atlas of computer plots, are presented in reference 21 as a function of Earth
classification. The coaxial line feed (b;/b = 3.5) has a negligible effect on the far-zone field
and input current because its equivalent magnetic frill of outer diameter 25, /4 (= 7 x 10-6
wavelengths) has a radiation resistance that is small compared to that of the monopole
element of length A/A (= 0.25 wavelengths). In the numerical results, the monopole element
was divided into four segments. The disk was segmented into equal-width annular zones,
whose numbers varied from seven for ka = 0.025, 0.25, 0.50; 16 for ka = 0.75 through 5.25;
17 for ka = 5.5; 18 for ka = 5.75 and 6.00; 19 for ka = 6.25; 20 for ka = 6.5; 21 for ka = 6.75,
7.0; 22 for ka = 7.25; 23 for ka = 7.50; and 24 for ka = 7.75 and 8.0. Results are compared
with those for a perfect ground plane (&r = 1.0, 6 = ¢0) and for an Earth permittivity equal to
that of free space (¢ = 1.0, 6 =0). The results for perfect ground, medium dry ground, and

free space are identified in the following figures as Case 1, Case 5, and Case 11, respectively.




The elevation numeric directivity patterns for disk radii 2 ma/4 = 0.025, 3.0, 4.0, 5.0, and
6.5 wavenumbers are shown as polar plots on the same linear scale in figures 2 through 6,
respectively. In the presence of Earth (Case 5), the directivity patterns are approximately
independent of disk radius. The Earth softens the edge of the ground plane and minimizes
changes in directive gain resulting from ground plane edge diffraction. The peak directivity
(see figure 7) is within 0.5 dBi of that for a perfect ground plane. The direction of peak
directivity (see figure 8) is approximately 30° above the horizon with variations of less than
4° for ground plane radii 0 < 27ma/A <8 wavenumbers. The directivity at angles of incidence
near the horizon (see figures 9 through 13) for 0 < 27a/A <8 wavenumbers has no
improvement over that with no ground plane at all and, in fact, decreases periodically with
increasing disk radius by as much as 1 dB. The directivity at angles of incidence of 82°, 84°,
86°, 88°, and 90° are approximately 4 dB, 5 dB, 7 dB, 13 dB, and < dB, respectively, below
the peak directivity for these disk radii.

The directivity on the horizon (see figure 13) is -oo dB because of the space wave
multipath null for Earth surface reflection at a grazing angle of 0°. In actuality, the field on
the radio horizon is not zero because of the leaky evanescent surface wave that is generated
in the air medium in proximity to the air-Earth interface [13]. The surface wave has an
evanescent field in the air-medium only, but leaks energy into the Earth medium, not into the
air medium. The amplitude of the space wave in the direction of peak directivity approaches
zero with increasing distance into the far-zone.

The theoretical numeric directive gain of electrically short monopole elements on ground
planes resting on lossy Earth may be approximated by an expression of the form [13]

Acos™ Osin"0; 050<=x/2 rad, m>0,n>1
0, -x/2<0<0rad

d,(6) = { (37




f=15MHz

h/A=0.25, b/A=1.0 X 107%, zy/A=0
Case 1, Perfect Ground (€=1.0, O=ce)

Case 5, Medium Dry Ground
(e,=15.0, 6=0.001 S/m)
Case 11, Free Space (g£,=1.0, 0=C)

T Lereangusn N —~——,

: [ ",, . .’ N\‘l 05°._
A \ L7, ~. -

4 \ \ \ .

t 165°%~1 5\0' 13‘5’ 12({'

Figure 2. Numeric Directive Gain Polar Plot, 27a/A = 0.025
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f=15MHz

h/A=0.25, bAA=1.0 X 107°, Zo/A=0-
Case 1, Perfect Ground {€,=1.0, g=00)

Case 5, Medium Dry Ground
(e,=15.0, 6=0.001 S/m)

Case 11, Free Space (e,=1.0, 0=0)

(8=90°)

Figure 3. Numeric Directive Gain Polar Plot, 2xa/A = 3.0
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f=15MHz

h/A=0.25, b/A=1.0 X 107, Zy/A=0
Case 1, Perfect Ground (g,=1.0, o=c°)

Case 5, Medium Dry Ground
(e,=15.0, 0=0.001 S/m)

Case 11, Free Space (€,=1.0, 0=0)

(06=90°)

Vo NS
\ \ /,\
\ Py

165°.~150* 13§°

1 ——y \

Figure 4. Numeric Directive Gain Polar Plot, 2xa/A = 4.0
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f=15MHz

h/A=0.25, b/A=1.0 X 10°°, Z/A=0
Case 1, Perfect Ground (g,=1.0, O=e0)

Case 5, Medium Dry Ground
(e,=15.0,6=0.001 S/m)
Case 11, Free Space (g,=1.0, 0=0)

(0=90°)

Figure 5. Numeric Directive Gain Polar Plot, 2xa/A = 5.0




f=15MHz

I/A=0.25, bA=1.0 X 107, Zg/A=0
Case 1, Perfect Ground (e,=1.0, 0=02)

Case 5, Medium Dry Ground
(e,=15.0, 6=0.001 S/m)

Case 11, Free Space (e,=1.0, o=0)

(e=90°)

Figure 6. Numeric Directive Gain Polar Plot, 2xa/A = 6.5
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The exponents m and n are chosen to yield a peak directivity in a desired direction, and a null
at 0 = 0 and /2 radians. The coefficient A is chosen to satisfy the condition

2n%i2

(yax) | [d,(6)sin6dp=1
00

Accordingly,

ni2
A=2 jcos"'osin"” 0 do
0

The directivity of equation (37) has a null in the direction of zenith, and the horizon has a
peak directivity comparable to that for a perfect ground plane.

An analytical expression that approximates the directivity obtained by numerical methods
for medium dry ground and 2ra/A = 3 (see figure 14) is given by

10cos@sin®6; 0<0<n/2 rad

(38)
0, -n/2<60<0rad

w0}

In the absence of Earth (Case 11), the directivity patterns (see figures 2 through 6) are
strong functions of the disk radius because ground-plane edge diffraction is more
pronounced. The peak directivity (see figure 7) varies from approximately 2 dBi to 5 dBi.
The angle of incidence of peak directivity (see figure 8) varies from 0° to 32°. The large
changes in angle of peak directivity at 2ma/A = 5.5 wavenumbers do not represent significant
changes in peak directivity because of the broad 3-dB beamwidth of the directivity pattern.
The jump in angle of peak directivity between 2a/A = 5.5 and 5.75 wavenumbers
corresponds to a change in beamshape (compare figures 5 and 6). The directivity on the
horizon (see figure 13) varies from 1.88 dBi for 27a/A = 0 wavenumbers to the asymptotic
value of -0.88 dBi for large disk ground planes of finite radius.
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Numeric Directive Gain, d' (0)

o
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-4 ‘ \ Y \\ s S ——
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Case 5, Medium Dry Ground
(er = 15.0, 0 = 0.001 S/m)

Figure 14. Numeric Directive Gain of a Quarter-Wave Element on a Disk Ground

Plane Resting on Medium Dry Ground, 2xa/A = 3.0
(a) Richmond's Method-of-Moments; (b) 10 cos 0 sin3 0
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The radiation resistance (see figure 15) increases aperiodically with increasing disk
radius. The aperiodicity is more apparent in the absence of Earth because ground-plane edge
diffraction is more pronounced. The radiation efficiency (see figure 16) increases
monotonically with increasing disk radius in the presence of Earth: from 0.21 for 2ra/A =0,
t0 0.69 for 2na/A = 8, and to 1.0 for 2ma/A = o=. In the absence of Earth, the radiation
efficiency is equal to unity because the monopole element and disk are assumed to be of
infinite conductivity. The reason why the radiation efficiency is so small for small disk
ground planes in close proximity to Earth, regardless of whether the Earth is lossy (6 > 0) or
is a pure dielectric (o= 0), is because most of the available input energy is directed into the
Earth by the leaky evanescent surface wave generated by the spherical wave source (the
monopole element) in the air medium in proximity to the air-Earth interface [13].

Richmond's method-of-moments model, in solving for the input current / (zo) indirectly,

includes the si:rface wave and its affect on the far-zone radiation resistance and radiation
efficiency. Although this paper is restricted to the calculation of the far-zone field above the
Earth, Richmond's moment method analysis for the element and disk current distributions can
also be used to calculate the near-zone field including that of the surface wave. This latter
effort has not yet been undertaken.
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SECTION 4
VALIDATION OF NUMERICAL RESULTS

Several approaches have been used in validating the numerical results from the programs
RICHMOND3 and RICHMOND4. These approaches include validation by comparison with
results from the limiting case of disk ground planes in free space; the limiting case of ground
planes of zero extent in proximity to Earth; the limiting case of a perfect ground plane of
infinite extent; Wait-Surtees model for input impedance; Wait-Walters model for gain; and
the Numerical Electromagnetics Code (NEC) for radiation efficiency.

4.1 LIMITING CASE OF DISK GROUND PLANES IN FREE SPACE

In the limiting case of disk ground planes in free space, numerical results from programs
RICHMOND3 and RICHMOND4 agree with results from programs RICHMD1
and RICHMD?2. The method-of-moments programs RICHMD1 and RICHMD?2, for a
monopole element on a disk ground plane in free space, have received extensive validation
[12]. In reference 12, numerical results for electrically thin monopole elements were
compared with results from Brillouin-Stratton induced electromotive force (EMF) method for
ground planes of zero extent; Bardeen's integral equation method for ground-plane radii
0 < ka < 2.75 wavenumbers; Leitner-Spence method of oblate spheroidal wave functions for
ground plane radii 3.0 < ka < 6.5 wavenumbers; Awadalla-McClean moment method
combined with the geometric theory of diffraction for ground-plane radii 8.5 < ka < e
wavenumbers; and the method of images for ka = «. Consistent and excellent agreements of
results were achieved by the RICHMD]1 and RICHMD 2 programs.

4.2 LIMITING CASE OF GROUND PLANES OF ZERO EXTENT

In the limiting case of ground planes of zero extent in proximity to Earth, program
RICHMONDY4 results for the directivity of a quarter-wave monopole element with a disk
ground plane of radius ka = 0.025 wavenumber resting on medium dry Earth (see Case 5 of
figure 2) were compared with results for ka = 0 from a Fresnel reflection model (MITRE
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Program MODIFIED IMAGES) and Lawrence Livermore Laboratory's method-of-moments
program NEC-3 using the Sommerfeld option. Programs RICHMOND4, MODIFIED
IMAGES, and NEC-3 gave identical directivity patterns with absolute values of directivity
that agreed to within 0.04 dBi. The reason for the close agreement is that the directivity
does not depend upon the absolute accuracy of the antenna input current.

Radiation resistance and radiation efficiency do depend upon the absolute accuracy of the
antenna input current. RICHMONDA4 results of radiation resistance and radiation efficiency,
for the above case and various types of Earth, are compared in table 1 with results from
NEC-3 (but not MODIFIED IMAGES because the omission of the surface wave in the
Fresnel coefficient model affects the radiation efficiency and radiation resistance, but not
directivity). The results differ by approximately 10% for radiation resistance and by more
than 25% for radiation efficiency. These differences are attributable to the difference in
charge density at the base of the monopole element by a factor of 4000 resulting from the
different configurations of the two models [16]. In NEC-3, the current produced by the
charge distribution is discharged into the Earth through an element of radius 10-6
wavelengths, whereas in RICHMONDA4 the current is discharged into the Earth through a
ground plane of radius 4 x 10-3 wavelengths. The NEC-3 results for the radiation efficiency
of a quarter-wave monopole element is augmented by a 128-radial-wire ground plane of
radius 0.01 wavelengths (see section 4.6). An increase in the number of monopole segments
from 4 to 20 in RICHMONDA4 has no significant effect in modifying the table 7 results for
radiation efficiency.

4.3 LIMITING CASE OF A GROUND PLANE OF INFINITE EXTENT

In the limiting case of a perfect ground plane of infinite extent, the monopole element of
length A may be modeled by the method-of-images as a free-space dipole of half-length A, but
with twice the dipole input current, one-half the dipole impedance, twice the dipole
directivity in the upper hemisphere, and zero times the dipole directivity in the lower
hemisphere. Richmond has written a program, RICHMD®6, that uses a sinusoidal-Galerkin
method of moments to compute the input impedance, current distribution, and far-zone field
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Table 1. Radiation Resistance and Efficiency of a Vertical, Quarter-Wave,
Monopole Element on Flat Earth; f = 15 MHz, b/A = 1.0 x 10-6

Earth Radiation Resistance (Ohms) Radiation Efficiency (Numeric)
Classificatio ***Percent
(¢r, 0 S/m) *sRICHMD4 **RICHMD4| Difference

s gzgund 3 0.163 0.210 222
15, 1.0 x 10-3)

};ﬂylﬁm 0.091 0.145 37.6

"Z&'&f}‘f‘-‘,‘i"ﬁ'ﬁ;‘j 0375 0.378 0.8
(3,1‘9’?0(_,:08-5) 0.091 0.148 38.8

(3'1%-;0:?5) 0.136 0.171 20.8

o s 0 0.044 0.105 58.3

(10, 5.0 x 10-3)

* Number of element segments, N = 25; voltage source excitation at N = 1
** Disk ground plane radius, 2xa/A = 0.025 wavenumbers
*** (INEC-3 — RICHMD4)/ RICHMDM4I x 100
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of the equivalent free-space dipole. A listing of program RICHMDSG is given in appendix C.
Numerical results for input impedance are in reasonable agreement with those from King-
Middleton theory [17]. For example, for /A = 0.25 (corresponding to kh = 7 /2) and

h/b = 16.56 (corresponding to £ = 7), RICHMD6 results for the monopole input impedance
are Z;, = 46.52 + j 15.97 ohms which differ from the King-Middleton resuits of Z;, = 47.85 +
J 18.50 ohms by 2.8 and 13.7% for input resistance and input reactance, respectively.
RICHMDS results for directivity are almost identical to the well-known results for a thin,
quarter-wave monopole on a perfect ground plane [12].

4.4 COMPARISON WITH WAIT-SURTEES MODEL FOR INPUT IMPEDANCE

Program RICHMONDA4 results for the input impedance of a monopole element with a
disk ground plane resting on flat Earth have been compared by Richmond [1] with those
obtained from a Wait-Surtees model [18]. In reference 1, the Wait-Surtees results for input
reactance are inadvertently given for a disk ground plane in free space rather than for a disk
ground plane on flat Earth. RICHMONDA4 results for input resistance and input reactance
are compared in figures 17 and 18, respectively, with those obtained from a program WAIT-
SURTEES written by Richmond and based on the Wait-Surtees model. Program WAIT-
SURTEES, described in Appendix D, incorporates results from program RICHMD® for the
input impedance of a monopole element on a perfect ground plane. The RICHMOND4
results are in close agreement with WAIT-SURTEES results, except at small ground-plane
radii less than approximately ka = 1.0 wavenumber for which the Wait-Surtees model is not
accurate. Richmond [10] has compared RICHMD!1 results with WAIT-SURTEES results for
the input impedance of a monopole element on a disk ground plane in free space and
obtained similar agreement as above, but for ground-plane radii greater than approximately
ka = 2.0 wavenumbers. The RICHMONDA4 results in figure 18 for input reactance should not
have a local minimum at ka= 0.75. A nonconvergent result was obtained at ka = 0.75
because of over-segmentation of the disk when the number of disk annular zones was
abruptly increased from seven at ka = 0.5 to sixteen at ka = 0.75.
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4.5 COMPARISON WITH WAIT-WALTERS MODEL FOR GAIN

Numerical results of directivity and radiation efficiency from Richmond's method-of-
moments program RICHMOND4 cannot be validated against models based on Monteath's
compensation theorem [5-8,19] or Sommerfeld's attenuation function [9] because those
models yield only the gain (the product of directivity and radiation efficiency) rather than
directivity and radiation efficiency as separate entities. Nevertheless, it is of interest to
compare RICHMONDY results for gain with those from the Wait-Walters model [6,7,8,19]
based on Monteath's compensation theorem.

First consider the Wait-Walters model. The gain G (ka, v ) - G (0,y) (dB) of an
electrically short monopole element on a disk ground plane with radius ka wavenumbers
relative to that without a disk ground plane (ka = 0) is shown in figure 2 of reference 8 and in
figure 23.26 of reference 19 for ka = 10, €, =9, and o =0. The Wait-Walters model of
reference 8 computes the magnetic field intensity H (ka, y ) with a disk ground plane as a
function of the grazing angle ¥ (the complement of the angle of incidence ) relative to that
with no ground plane. At a grazing angle y = 2°, the Wait-Walters model gives a relative

gain of G(10,2) - G (0,2)=4.5dB

Now consider the Richmond model. Program RICHMONDA4 results for a quarter-wave
monopole element on a disk ground plane of radius ka = 8 wavenumbers on medium dry
ground (g, =15.0, 6 =0.001 S/m) gives a directivity at a grazing angle y = 2°, of D(8, 2)
= -8.6 dBi (see figure 12) and a radiation efficiency n = 0.69 = -1.6 dB (see figure 16). The
gain G (8,2) =-8.6 dBi -1.6 dB = -10.2 dB; for ka = 0 and y =2°,D(0,2) =-7.9 dBi (see
figure 12) and the radiation efficiency n =0.21 = -6.8 dB (see figure 16). The gain G(0,2) =
-7.9 dBi - 6.8 dBi = -14.7 dBi. The relative gain G (8,2) - G(0,2) =-10.2 dBi + 14.7dBi =
4.5dB.

The RICHMOND4 and Wait-Walters results of 4.5 dB for relative gain are identical for
these similar cases.
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4.6 COMPARISON WITH NEC FOR RADIATION EFFICIENCY

Numerical results of radiation efficiency obtained from programs RICHMOND4, NEC-3,
and NEC-GS are compared in figure 19 for the radiation efficiency of a quarter-wave
monopole element with small ground planes on or just above medium dry Earth as a function
of the ground-plane radius. RICHMONDA4 results are for disk ground planes (see figure 16).
NEC-3 results are for a ground plane of zero extent (see table 1). NEC-GS results are for

radial-wire ground planes whose wires have a radius b,, = 107 wavelengths [16,20]. The

results for disk ground planes are in close agreement with those for ground planes with 128
radial wires.
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SECTION 5§
CONCLUSIONS

Richmond's moment-method results, for the current distribution and input impedance of a
monopole element on a disk ground plane above flat Earth, are used to obtain the far-zone
field, directivity pattern, radiation resistance, and radiation efficiency. This model for a disk
ground plane complements the NEC method-of-moments model of Burke, et al. for a radial-
wire ground plane.

Method-of-moments models, unlike models based on Sommerfeld's attenuation function
or variational models based on Monteath's compensation theorem, determine the directivity
and radiation efficiency as separate entities rather than lumping them together as a product to
yield the antenna gain. Other advantages of the method-of-moments models are more exact
determination of current distributions; applicability to electrically small ground planes; direct
determination of ground-plane edge diffraction; and avoidance of analytical restrictions on
evaluating Sommerfeld's integral. The segmentation of ground planes in method-of-moments
models restricts the models to ground planes that are sufficiently small so that computer
computational capacity and precision are not exceeded.

The far-zone field in the free-space (air) region is determined as the sum of direct and
indirect (reflected from the Earth) fields from the monopole element, disk ground plane, and
the magnetic frill of the coaxial-line feed excitation. The far-zone direct fields from the
monopole element and disk ground plane are determined from the method-of-moments
solution for their current distributions. The far-zone indirect fields are determined using the
plane-wave Fresnel reflection coefficient. The significant contribution of the surface wave to
the far-zone field at or near the air-Earth interface is not considered, but is small compared to
the far-zone field in the direction of peak directivity. However, the significant effect of the
surface-wave in determining input current and radiation efficiency are included in the present
analysis.
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Examples of numerical results are presented for the directivity pattern, peak directivity,
radiation resistance, and radiation efficiency of a thin, quarter-wave monon-~l: clement on
small to moderately large disk ground planes (of radius 0 to 8 wavenumbers) resting on
medium dry Earth. Results are compared with these for a ground plane of infinite extent and
for ground planes in free space. In the presence of Earth, the directiviy patterns are
approximately independent of disk radius for ground-plane radii at least as large as eight
wavenumbers. The peak directivity is within 0.5 dBi of that for a perfect ground plane. The
direction of peak directivity is approximately 30° above the horizon. The directivity at
angles of incidence of 82°, 84°, 86°, 88°, and 90° are approximately 4 dB, 5 dB, 7 dB, 13 dB,
and o dB, respectively, below the peak directivity. The numeric directivity is given
approximately by the empirical expression 10 cos 6 sin3 @ in the hemisphere above the Earth
and by zero in the hemisphere below the Earth. The radiation efficiency increases
monotonically with increasing disk radius in the presence of Earth: from 0.21 for a ground
plane of zero extent to 0.69 for a ground-plane radius of eight wavenumbers.

‘Numerical results from Richmond's method-of-moments computer programs
RICHMOND3 and RICHMONDA4 for a monopole element with a disk ground plane above
flat Earth are in good agreement with results known from other models in the limiting cases
of disk ground planes in free space, disk ground planes of zero extent in proximity to Earth,
and a perfect ground plane. RICHMOND?3 results for input impedance are in good
agreement with results from a Wait-Surtees variational model, except for ground-plane radii
less than approximately one wavenumber for which the Wait-Surtees model is not accurate.
A RICHMONDA4 result for antenna gain is in agreement with a result from a Wait-Walters
variational model. RICHMONDA4 results of radiation efficiency are in close agreement with
NEC-GS method-of-moment results for ground planes with a large number of radial wires.
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APPENDIX A

COMPUTER PROGRAM RICHMOND3 FOR THE INPUT IMPEDANCE AND
CURRENT DISTRIBUTION OF A MONOPOLE ELEMENT ON A DISK GROUND
PLANE ABOVE FLAT EARTH




COMPUTER PROGRAM RICHMOND3
MONOPOLE ANTENNA ON CIRCULAR DISK OVER FLAT
EARTH
(Current Distribution and Impedance)
by
Jack H. Richmond
January 29, 1990

INTRODUCTION!

Appendix I presents the computer program RICHMOND3 together with
all the necessary subroutines. This FORTRAN program calculates the
. current distribution and impedance of a monopole antenna mounted at the
center of a circular disk over the flat lossy earth.

See: [J. H. Richmond, “Monopole Antenna on Circular Disk Over Flat
Earth,” IEEE Transactions, Vol. AP-33, pp. 633-637, June 1985.]

Comment statements have been inserted in the main program and the
subroutines to assist the user. Only a few brief comments will be required
in this Introduction.

RICHMOND3 performs all calculations with double precision. The the-
oretical basis for this program is presented in the above published paper,
and the notation in the program corresponds with the notation in the pa-
per with one exception. The outer radius of the disk is denoted by b in the
program and by c in the paper.

In Appendix I, Table I presents the antenna impedance as calculated
with RICHMOND3 on a VAX computer for the following disk radii: BL
= 0.1, 0.2, 0.3 and 0.4. The antenna impedance (in free space and on a
lossy flat earth) agree closely with the original calculations obtained on
a DATACRAFT computer in May 1979. Table Il presents the current
distributions on the moncpole and the disk (in free space and on a lossy -

1 Appreciation is expressed to The MITRE Corporation for sponsoring this report .
The computer program RICHMOND3 was developed (in single precision) in 1979 with
other sponsorship.

A-3




flat earth) with BL = 0.1. These results also agree closely with the original
calculations of May 1979.

Table III presents the antenna impedance (in free space and on a flat
earth) as calculated with a VAX with single precision. Comparison with
Table | indicates that the need for double precision is marginal for this case.

In the original program, subroutine CROUT was employed to solve
the simultaneous linear equations. In RICHMOND3, CROUT is replaced
with CMINV which employs full pivoting (on rows and columns) whereas
CROUT does not pivot. On the other hand CMINYV is presumably slower
(in solving large matrix equations) because it inverts the matrix, whereas
CROUT solves the equations without inverting.

The current distribution will be printed from CMINV if IWCJ =1, but
the printout will be suppressed if IWCJ = 0.

Diagnostic data will be printed from several subroutines if IWZ = 1.
This printout is suppressed if IWZ = 0.

The integer NPH controls the numerical integrations in several subrou-
tines. NPH determines the number of times the integrand is to be sampled
with Simpson’s rule. The value NPH = 6 usually gives a suitable com-
promise between accuracy and computational expense. A larger value will
increase the expense, and it may improve the accuracy in some cases.

TL denotes the thickness of the circular disk, measured in free-space
wavelengths. To promote convergence of the moment method (as NEQ is
increased), the value TL = AL/100 is recommended regardless of the true
thickness of the metallic circular disk. This result is rather unexpected, and
the interpretation is not totally understood. Of course, it is assumed that
the disk thickness TL (as well as the monopole wire radius AL) is much
smaller than the wavelength.
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Appendix I. RICHMOND3 Program Listing

00000000

QOO annnonnonn

BN -

RICHMOND? 2

MONOPOLE ‘AT CENTER OF CIRCULAR DISK OVER FLAT EARTH.  RICHMOND3.1

DOUBLE PRECISION.

CURRENT DISTRIBUTION AND IMPEDANCE.

SEE: RICHMOND, "MONOPOLE ANTENNA ON CIRCULAR DISK OVER FLAT EARTH",

IEEE TRANS., VOL. AP-33, PP. 633-637, JUNE 1985S.

LINK:  BES10,CISI,CMINV,DZ11,DZDD,DZND,DZWW,EXPJ, GRILL,
ODD, QDM, (804, SKEW, SKEWS,, SKEWT, SPART, 2SDM, ZSNM

IMPLICIT REAL*8 (A-H), (P-2)

COMPLEX*16 CJ(30),VJ(30),2J(30),VIJ(30,30),213(30,30)

COMPLEX*16 Y11,DET,EC,D11,D12,D21,D22,DZ1J3,DV1, W11

COMPLEX*16 P11,P12,P21,P22,2DD, 2DM, ZMD, 2MM, 211, 2D, 222, 212, 221

DIMENSION FB(500),LLL(30),MMM(30)

DATA E0,U0/8.85418533677E-12,1.256637061442-6/

DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/

DATA ICC,IFB/30,500/

FORMAT (1X, 215, 7E15.4)

FORMAT (1X, 7F17.8)

FORMAT (1HO)

AL = RADIUS OF WIRE IN WAVELENGTHS.

HL = LENGTH OF MONOPOLE IN WAVELENGTHS.

FMC = FREQUENCY IN MEGAHERTZ.

BAR = RADIUS RATIO FOR COAXIAL FEED CABLE.

BL = RADIUS OF CIRCULAR DISK IN WAVELENGTHS. = EPSLN/TP

NSD = NUMBER OF SEGMENTS ON THE DISK. :

NSW « NUMBER OF SEGMENTS ON THE WIRE.

EDL = EEIGAT OF DISK ABOVE THE EARTH IN WAVELENGTHS.

ER = RELATIVE PERMITTIVITY OF EARTAH.

SIG = CONDUCTIVITY OF EARTH, MHO/M.

SET IVWCJ=1 TO WRITE THE CURRENT DISTRIBUTION CJ(N),
OR IWCJ=0 TO SUPPRESS WRITEOUT OF CJ(N).

SET HDL = NEGATIVE, FOR MONOPOLE-DISK IN FREE SPACE,
OR BCL = POS. FOR FREE SPACE + FLAT EARTH.

SET DTHD = NEGATIVE, TO SKIP TRE GAIN CALCULATIONS.

TL = 1.D-5 FOR EPSLN GREATER THAN OR EQUAL 0.25,
= AL.D-4 FOR EPSLN LESS THAN 0.25.

AL=.003
BARe3,

Bl=~.1

ER=4.

MC=300,

HDL=.0

Rl=,229

SIG=.001

TL=AL/100.

wCI=1

IE30=d

INZ=0

NPH=6

NSD=10

NSWw=4

NEQwNSD+NSW-1

AR=TP*AL

BK=TP*RL

HK=TP*HL

HDR=TP*HDL

TK=TP*TL

ONEG=TP*FMC*1 .86
EC=DCMPLX (ER, -81G/ (OMEG*EO0) )
DEXD= (BX-AK) /NSD
DEWeHK/NSW

RR2=AK+DKD

TP (RE2.LT.BAR*AK)GO TO 400
TDKD=2. *DKD

CDKD=DCOS (DKD)

SDXD=DSIN (DKD)

CDK=DCOS (DXW)

SDK=DSIN ({DKW)

MAX=NSW-1

MASNSD+1

CALL Cped (AK, DKD, DKW, CDKD, 8DKD, CDX, SDK, TK, IWZ, NPH, 311)
£1J(1,1)=211
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IF (NSD.LE.1)GO TO 100 RICHMONDS . 2
S1l=AK
DO 60 J=2,NSD
82=81+DKD
83=S1+TDKD
T1=AK
DO 50 I=2,J
T2«T1+DKD
T3=T1+TDKD
CALL QDD (CDKD, SDKD, 81, 83,71, T3, TK, IWZ, RPH, 222)
21J(I,J)=222
50 T1=T14DKD
CALL QDM (AK,DKD, DXW,CDKD, SDKD,SDK,SI 83,TK, IN2,NPH, 212)
21J3(1,J3)=212
60 81=814DKD
100 IF(NSW.LE.1)GO TO 200
CALL SPART (AK, DKD, DKW, MAX, IWZ, %J,CJ)
L=0
DO 160 Iw=NA,NEQ
DO 150 J=I,NEQ
KaJ-I+1
150 213(X,J)=2J(K)
L=1L+1

Z1J(1, I)=CJ(L)
160 CONTINUE
178 IF(NSD.LE.1)GO TO 200
22=.0
DO 190 J=NA,NEQ
Z2=Z24DKW
81=22-DKW
§3=Z24DKW
RH2=AK
DO 180 I=2,NSD
RH2=RH2+DKD
T1=RH2-DKD
T3=RH2+DKD
CALL SKENT (AK, S1,83,T1,T3,CDK, SDK, CDKD, SDKD, INZ, 212)
180 21J(I,J)=212
190 CONTINUE
200 CALL GRILL (AK, BAR,DKD,DXW, NEQ,NSD,NSW, TK,VJ)
Do 210 I=1,NEQ
DO 210 J=I,NEQ
WRITE(17,1)1,J3,ZI3(1,J)
LIJ(J,I)=21J3(1,J)
210 VIJ(I,J)=21J(1,J)
'RITE(I'I S)
CALL CHIW(CJ,VJ,ZIJ,ICC,I'CJ,I LLL, MMM, NEQ, DET)
Y11=CJ(1)
Z1ll=1./¥11
WRITE (6, 2) AL, BL,EL, 211
WRITE (17, 2) AL, BL, HL, 211
WRITE(17,5)
FOR MONOPOLE ON D1SK IN FREE BPACE, SKIP TO STATEMENT 320.

CALL DZ11 (AK,BAR,DKD, DKW, EC, ¥B, DK, TK, IFB,D11,DV1)
£1J(1,1)=D11

IF (MSD.1LE.1)GO TO 265

82=AK+DKD

DO 260 J=2,NSD

T2=AK+DKD

I12=1

DO 250 I=2,J

CALL n:nom,bm,m,m,lc,n,m,sz 2,7K
2,1rB,712,5X04X,D12,D22)

n'(z.:o.z)nz-mz

213(1,J)=D22
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an

250

260
265

270
276
278

280
290
300

308
310

312
315

320
400
500

I12=2

T2=T2+DKD

ZI1J(1,J)=P1l2

82=82+DKD
IF(NSW.LE.1)GO TO 278 -
DO 276 K=1,MAX

CALL DZWW (AKX, DKD, DKW, EC, EDK, K, TK, 2J,D21J)
JeNA+K-1

ZIJ(1,J)=D21J

L=1

DO 270 I=NA,J
21J(1,J)=ZJ(L)

L=L+1

CONTINUE
IF(NSD.LE.1)GO TO 300
22=.0

DO 290 J=NA,NEQ
Z2=Z24DKW

CALL D2ZWD (AK, DXD, DKW, EC, HDK,NSD, 7K, 22, ZJ)
DO 280 1I=2,NSD
21J3(1,J)=2J(I)

CONTINUE

DO 310 I=1,NEQ

DO 308 J=I,NEQ
212=V1J(I,J)
D12=Z1J(I,J)

WRITE (17,1)1,J,212,D12
21J(1,J)=Z12+D12
CONTINUE

CONTINUE

WRITE(17,5)

VI (1)=VJ (1) +DV1

DO 315 I=1,NEQ

DO 312 J=I,NEQ
21J3(J,1)=213(I,J)
CONTINUE

CALL CMINV(CJ,VJ,213,ICC,IWNCJ,1,LLL, MMM, NEQ,DET)
Y11=CJ(1)

Wllel./¥11l
WRITE(6,2)211,W11
WRITE(17,1)NSD,NSW, AL, BL, HDL
WRITE(17,5)

WRITE (17,2)211,W11
CONTINUE

CONTINUE

CALL EXIT

END

RICHMOND3. 3
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TABLE 1
DOUBLE PRECISION
NSD NSsw AL RAR R ™C EDL HL -816
10 4 0.003 3. 4. 300 .0 0.229 .o001

BL ANTENNA IMPEDANCE Z11 ANTENNA IMPEDANCE 211

(in free space) {on flat earth)
R11 x11 Rr1 x1
0.1 14.8427 -53,.8714 29.5665  -32.5406
0.2 17.4560 -21.1708 25.4167 -19.7828
0.3 20.5451 -9.0883 23.5883 -9.5982
0.4 26.8578 -1.0801 29.5489 ~4.6751
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Current Distribution on moncpole on TABLE II
Circular Disk in Free Space. DOUBLE PRECISION

1 CJ(1) CJ(1) cI(1)
(norm) (mag.) (phase)
1 1.000 0.0178959 74.6
2 0.983 0.0175990 -105.5
3 0.946 0.0169306 -105.9
4 0.908 0.0162422 -106.1
5 0.857 0.0153451 -106.3
6 0.800 0.0143135 ~106.4
b 0.729 0.0130419 -106.6
8 0.642 0.0114806 «106.7
9 0.528 0.0094462 -106.8
10 0.395 0.0070747 -106.9
11 0.843 0.0150935 72.6
12 0.648 0.0116011 71.4
13 0.38¢ 0.00695004 70.4

Current Distribution on Monopole on
Circular Disk on Flat Barth.

1 CJI(I) CJ({I) CJI(I)

© (norm) (mag.) (phase)

1 1.000 0.0227445 47.7

2 0.987 0.0224556 -132.2

3 0.957 0.0217627 -132.5

4 0.909 0.0206744 -132.6

5 0.845 0.0192282 -132.7

6 0.782 0.0177918 -132.6

7 0.713 0.0162147 -132.1

8 0.616 0.0140152 -131.3

9 0.470 0.0107005 -130.3

10 0.293 0.0066696 -129.4
11 0.880 0.0200169 43.9
12 0.686 0.0155928 42.0
i3 0.410 0.0093323 40.4

NSD NSW AL BL HDL
10 4 0.3000B-02 0.1000%+00 0.0000K+00
Antenna Impedance Zll Antenna Impedance 211
(in free space) (on flat earth)
R X R X
14.84274593 -53.87146810 29.56653347 -32.54060135




NSD
10

BL

%

TABLE IIX
SINGLE PRECISION

NSW AL BAR ER FMC EDL AL
4 .003 a. 4.  300. .0 0.229

ANTENNA IMPEDANCE 211 ANTENNA IMPEDANCE 211
(:31!:“ .paco;u R{:n flat ou-;lh;

14.0184 -53.8642 29.5429 ~32.5342

17.4301 -21.1669 25.3907 ~19.7795

20.5567 ~9.0920 23.5997 -9.6021

26.8575 -1.0805 29.5487 = -4.67%8
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SUBROUTINE BES10 (XX,B,Bl,ID) BES10
B = BESSEL FUNCTION J sub 0 with real argument XX.
Bl = BESSEL FUNCTION J sub 1 with real argument XX.
S8ET ID = (0, 1, 2) TO CALCULATE (J sub o, J sub 1, or both).
IMPLICIT REAL*8 (A-R), (P-2)
B=}l,
Bl=. 0
IF (XX.EQ..0) RETURN
XwDABS (XX)
IF(X.GT..01)GO TO 10
X2=mx*X
X4=X2%X2
B =l,.-X2/4.4X4/64.
Blax*(1.-X2/8.)/2.
RETURN
10 Dxe=X
Ir(X.GE.3.)GO 70 100
C=DX*DX/9.
IF(ID.EQ.1)GO TO 20
B =(((((.21D-3*C-.39444D-2) *C+.444479D-1)*C~.3163866) *C+.1265
16208D+1) *C-2.2499997) *C+1.
IF(ID.EQ.O)RETURN
20 Bl =((((((.1109D~4*C-,31761D~3) *C+.443319D-2) *C-.3954289D~1) *C+
1.21093573) *C~.56249985) *C+.5) *DX
RETURN
100 D=3./DX
Cw1./DSQRT (DX)
IF(ID.EQ.1)GO TO 120
EA=C* ((((((.14476D-3%D-.72805D~3) #*D+.137237D~2) *D-.9512D~4) *D-
4.552740D-2) *D~.77D-6) *D+.797884560803)
FA=(((((.13558D-3*D~,29333D~3) *D~.54125D~-3) *D+.262573D~2) *D-
5.3954D-4)*D~-.4166397D-1) *D~.785398163397+4DX
B =EA*DCOS (FA)
IF(ID.EQ.0) RETURN
120 EB=C* ((((((~.20033D-3%D+.113653D-2) *D-.249511D-2) *D+.17105D-3) *D+
6.1659667D~-1) *D+.156D-5) *D+.797884560803)
PB=(((((-.29166D-3*D+.79824D~3) *D+.74348D~3) *D-.637879D~-2) *D+
7.5650D-4)*D+.12499612) *D-2.356194490192+DX
Bl =EB*DCOS (FB)
RETURN
END
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SUBROUTINE CISI(CI,CIN,SI,X) c1s1
CALCULATES CI = COSINE INTEGRAL, AND

SI = SINE INTEGRAL WITH ARGUMENT X.

IMPLICIT REAL*8 (A-R), (P-2Z)

DATA GAM,P2/.57721566,1.57079632/

A=DABS (X)

IF(A.GT.4.)GO TO 10

IF(A.GT..1)GO TO 3

IF (A.GT.0.)GO TO 2

CI=.0 .

CIN=. 0

81=.0

RETURN

X2=A*A

SI=X* ((.03#X2-1.)*X2/18.41.)

CIN= . 25%X2#% ((X2/45.~1.)%X2/24.41.)

GO TO 8

Y= (4.=A)* (4.47)

SImX* (((((1.753141D-9%Y+1.568988D-7) *Y+1.374168D-5)*Y+6.939889D-4)
CtY+1.964882D-2) *¥+4.395509D~1)

CIN= A*A* (((((1.386985D-10*Y+1.564596D-8) *Y
C+1.725752D~-6) *Y+1.185999D-4) *Y+4.990920D-3) *¥+1.315308D-1)
CI=GAM+DLOG (A) ~CIN

RETURN

SI=DSIN(A)

Y=DCOS (A)

Z=4. /A

O=((((((((4.048069D-322-2.279143D~2)*2+5.515070D-2) *%-7.261642D-2)
C*Z+4.987716D-2) *2-3.332519D-3) *Z~2.314617D-2) *2-1.134958D-5) *2
C+6.250011D-2) *2+2.583989D-10

VU (((((((((-5.108699D-3+2+2.819179D-2)*2-6.537283D-2) *2
C+7.902034D-2) *2~4.400416D-2) *2~7.945556D-3) *2+2.601293D-2) *2
C-3.764000D~4) *2~3.122418D-2)2Z~6.646441D-7) *Z+2.5D~1

CImZ* (SItV-Y*Y)

SIw-Z* (SIRU+Y*V) +P2

IF (X.LT..0)SI=-SI

CIN=GAM+DLOG (A) ~CI

RETURN

END
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SUBROUTINE CMINV(C,V,Z,IDM,IWR,I12,L,M,NEQ,DET) OMINV. 1
CMINV2 INVERTS THE MATRIX Z(I,J) AND SOLVES TRE
SIMULTANEOUS LINEAR EQUATIONS TO DETERMINE C(I).
V(I) = EXCITATION COLUMN.

%Z(1,J) = IMPEDANCE MATRIX.

IDM = DIMENSION OF 2 (IDM,IDM) IN CALLING PROGRAM.
IWR = 1 IF SOLUTION IS TO BE PRINTED.

IWR = 0 IF PRINTOUT IS TO BE SUPPRESSED.

I12 = 1 ON FIRST CALL, WHERE CMINV MUST INVERT Z.
I12 = 2 ON LATER CALLS, IF Z(I,J) BAS ALREADY BEEN INVERTED.
L(I), M(I) = WORK ARRAYS.

NEQ = NUMBER OF SIMULTANEOUS LINEAR EQUATIONS.
DET = DETERMINANT OF THE SQUARE MATRIX.
IMPLICIT REAL*8 (A-H), (P-Z)

COMPLEX*16 C(1),V(1),S

COMPLEX*16 Z (IDM, IDM),B1GZ,ROLD,DET

DIMENSION L(1),M({1)

FORMAT (1X,15,r10.3,F15.7,F10.1)

FORMAT (1R0)

N=NEQ

IF(I12.NE.1)GO TO 150

DET=DCMPLX (1.D0, 0.D0)

DO 80 K=1,N

L (K) =K

M(K) =K

BIGZ=2 (K, K)

DO 20 J=K,N

DO 20 I=K,N

IF (CDABS (BIGZ) -CDABS (2 (I,J)))15,19,19
BIGZ=2Z (I, J)

L{(K)=I

M(K)=T

CONTINUE

CONTINUE

J=L (K)

IF (J-K) 35, 35,25

CONTINUE

DO 30 I=1,N

HOLD=-Z (X, I)

Z(X,I)=2(J, 1)

% (J, I) *HOLD

T=M (K)

IF(I-K) 45,45,38

CONTINUE

DO 40 J=1,N

HOLD=-Z (J,K)

2(J,K)=2(J,I)

Z(J, I) =HOLD

CONTINUE

PO S5 I=1,N

Ir (I-K)50,55,50

2(I,K)=2Z(1,K)/(~BIGZ)

CONTINUE

DO 65 1=),N

PO €% J=1,N
Ir(1-K) 60, 64,60

Ir (J-K) 62, 64,62
2(I,J)=2(I,K)*2Z(K,J)+Z(I,J)
CONTINUE

CONTINUE

DO 715 J=1,N

Ir (J-X)70,75,70

Z (K, J)=Z (K,J) /BIGZ
CONTINUE

DET=DET*BIGZ
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80

100
105
108

110
120

125

130
150

210

220

240
250

Z (K,X)~1./BIGZ
CONTINUE

KN

K=K-1
Ir(X)150,150,105
I=L (K)
Ir(1-X)120,120,108
CONTINUE

PO 110 J=1,N
HOLD=2 (er)
Z(J,K)=-Z(J,X)
Z(J, 1) =HOLD

JwM (K)
IF(J-X)100,100,125
CONTINUE

PO 130 I=1,N
HOLD=Z (K, I)
Z(KJI)-'Z(JlI)

Z (J, 1) =HOLD

GO TO 100

CMxX=.0

DO 220 I=}1,NEQ
S=DCMPLX ( . 0DO, .0DO)
PO 210 J=1,NEQ
S=S+Z (I, J) *V(J)
SA=CDABS (S)

IF (SA.GT.CMX) CMX=SA
C(I)=S

IF (INR.LE.0)GO TO 250
WRITE (17,5)

DO 240 I=1,NEQ
S=C(I)

SA=CDABS (S)
SN=SA/CMX

PH=.0
IF(SA.LE..0)GO TO 240

PH=57.29578*DATAN2 (DIMAG (S) ,DREAL (S))

WRITE (17,2)I,SN,SA,PH
WRITE (17,5)

RETURN

END
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SUBROUTINE DZ11 (AK,BAR,DKD,DKN, EC,FB, HDK, TK, IFB,D11 wn
DZ11 CALCULATES D11 = CHANGE IN SELF-IMPEDANCE OF MODE
DUE TO REFLECTION FROM FLAT EARTH.

ALSO DV1 = ONE TERM IN VOLTAGE FOR MODE 1.

IMPLICIT REAL*B (A-H), (P-Z)

DIMENSION FB(1)

COMPLEX*16 FST,G,GAM,RC,EC, ZAA, ZHH, PC, EG1, EG2
COMPLEX*16 DD, ZMM, EST, ERD, ERM, EGZ, CB, D11, ZDM, ZMD
COMPLEX*16 DV1,VDD,VDW, VEH, VAA

DATA ETA,PI,TP/376.730366239,3.14159265359, 6.28318530718/
BAL=DLOG (BAR)

BX=BAR*AK

RH2=AK+DKD

CDK=DCOS (DKN)

SDK=DSIN (DKW)

SDED=DSIN (DKD)

DK1=DKW+TK

SDK1=DSIN (DK1)

CDX1=DCOS (DK1)

EST=DCMPLX (. 0D0, ~ETA/ (4. *PI*SDK1))

FST=DCMPLX (.0D0, ~ETA/ (4 . *PI*SDKD) )

DBET=.1

KMX=200

IF (KMX.GT.IFB) KMX=IFB

C NEXT CALCULATE F(BETA) BY INTEGRATING ACROSS THE DISK.

DO 60 K=1,KMX

DRK=PI/10.

BET=DBET* (K-1)

IF (BET.GT.1.) DRK=DRK/BET
INT= (RH2-AK) /DRK

IF (INT.LT.10) INT=10

DRK= (RH2 -AK) /INT

F=_.0

RK=AK+DRK/2.

C NEXT INTEGRATE ACROSS THE DISK.

50
60

DO 50 I=l1,INT

BR=BET*RK

CALL BES10 . (BR,BJO,BJ1,0)
FwF+BJ0*DCOS (RH2-RK)
RK=RK+DRK

FB (K) =DRK*F

CONTINUE

C NEXT CALCULATE 2DD.

ZK=HDK+TK

Z1=HDK

22=HDK+TK+DXW
ERD=DCMPLX (. 0DO, . 0DO)
ERM=DCMPLX (. 0DO, . 0D0)
VDD=DCMPLX (. 0DO, . 0DO0)

C NEXT INTEGRATE ON BETA.

DO 80 K=1,KMX

BET=DBET* (K-1)

¥=FB (K)

CALL BES10 (BET*AK,BAO,BAl,0)
BETS=BET*BET

IF (BET.GT.1.)GO TO 62

HR=DSQRT (1.~BETS)

ARG=HR*ZK

EGZ=DCMPLX (DCOS (ARG) , ~DSIN (ARG) )
ARG=HR*Z1

EG1=DCMPLX (DCOS (ARG) , “DSIN (ARG) )
ARG=HR*22

EG2=DCMPLX (DCOS (ARG) , ~DSIN (ARG) )
GAM=DCMPLX (.0D0, HR)
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62

64

GO TO 64
ALP=DSQRT (BETS-1.)

EG2=DCMPLX (. 0DO, . 0D0)

ARG=ALP*22

IF (ARG.LT.80.)EG2=DCMPLX (DEXP {~ARG) , . 0D0)
ARG=ALP*ZK

IF (ARG.GT.80.)GO TO 81

EGZ=DCMPLX (DEXP (~ARG) , . 0DO)
EG1=DCMPLX (DEXP (~ALP*21), .0DO0)
GAM=DCMPLX (ALP, . 0DO)

G=CDSQRT (BETS-EC)

RC= (GAM*EC~G) / (GAM*EC+G)
CB=EG2~-CDK1*EG1

C NEXT INTEGRATE ON RHO.

70

80
8l

RSJ=.0

DRKePI/10.

Ir (BET.GT.1.)DRK=DRK/BET
INT=DKXD/DRK

IF (INT.LT.10)INT=10

DRK=DKD/INT

RK=AK+DRK/2.

DO 70 I=1,INT

CALL BES10 (BET*RK,BJ0,BJ1,1)
RSJI=RSJ+BJ1*DSIN (RH2~RK)
RK=RK+DRK

RSJ=DRK*RSJ
ERD=ERD+RSJ*GAM*RC*F*EG1*EGZ
ERM=ERM+RSJ*RC*BAO*CB*EGZ

CALL BES10 (BET*BK,BB0,BBl1,0)
VDD=VDD+RSJI*RC* (BAO-BB0) *EGZ*EGZ
CONTINUE

ERD=DBET*ERD*DCMPLX (. 0D0, ~ETA/ (4 . *PI*SDKD*SDKD) )
ERM=DBET*ERM*DCMPLX (.0D0, ~ETA/ (4 . *PI*SDKD*SDK) )
ZDD=ERD+ERM

VDD=-~DBET*VDD/ (2. *BAL*SDKD)

C NEXT CALCULATE ZDM BY INTEGRATING ON BETA.

82

84

21=HDX+TK

22=21+DKW

2DM=DCMPLX (. 0DO, . 0DO)

DO 90 K=1,KMX

BET=DBET* (K~1)

F=FB (K)

BA=BET*AX

CALL BES10 (BA,BJO,BJ1,0)
BETSBET*BET

Ir (BET.GT.1.)GO TO 82

HR=DSQRT (1.~BETS)

ARG=HR*EDK

EGZ=DCMPLX (DCOS (ARG) , ~DSIN (ARG) )
ARG=HR*Z1

EG1=DCMPLX (DCOS (ARG) , “DSIN (ARG) )
ARG=HR*Z2

BG2=DCOMPLX (DCOS (ARG) , ~DSIN (ARG) )
GAM=DCMPLX (. 0D0, HR)

GO TO 84 .

ALP=DSQRT (BETS-1.)
BG2=DCMPLX (. ODO, . ODO)
ARG=ALP*22

- IF (ARG.LT.80.)EG2=DOMPLX (DEXP (~ARG) , .0DO)

ARG=ALP*21

IF (ARG.GT.80.)CO TO 92
EG1=DCMPLX (DEXP (-ARG) , .0DO)
EGZ=DCMPLX (DEXP (-~ALP*EDK) , . 0D0)
GAM=DCMPLX (ALP, . 0D0)

G=CDSQRT (BETS-EKC)

RC= (GAM*EC~-G) / (GAM*EC+G)
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IF (K.GT.1)GO TO 86
PC= (DCMPLX (1.D0, 2 .DO*DKW) *EG2-DCMPLX (CDK, SDK) *EG1) /4.
GO TO 90
PC= ( (GAM*SDK~CDK) *EG1+EG2) /BETS
ZDM=ZDM+BET*RC*F*BJO*EGZ*PC
ZDM=-DBET*FST*ZDM/SDK

C NEXT CALCULATE ZHH BY INTEGRATING ON H.

100

VHM=DCMPLX ( . 0DO, . 0DO)

ZHH=DCMPLX (. 0DO, .0DO)

DH=DBET .
NS=1./DH

DH=] . /NS

HR=DH/2.

DO 100 I=1,NS

BETS=1.-HR*HR

BET=DSQORT (BETS)

CALL BES10 (BET#*AK,BAO,BAl,0)

CALL BES10 (BET*BK,BBO,BB1,0)
GAM=DCMPLX (. 0D0O, HR)

G=CDSQRT (BETS-EC)

RC= (GAM*EC=-G) / (GAM*EC+G)

EGZ=DCMPLX (DCOS (HR*EDK) , -DSIN (HR*HDK) )
EG1=DCMPLX (DCOS (HR*2Z1) , -DSIN (HR*Z1))
EG2=DCMPLX (DCOS (HR*Z2) , -DSIN (HR*Z2) )
PC= ( (GAM*SDK~-CDK) *EG1+EG2) /BETS
HR=HR+DH

VHH=VEH+RC* (BAO-BB0) *BAO*EG1*PC
ZHH=ZHH+RC*BAO*BAO* (EG2-CDK1°EGZ) *PC
VHE=DH*VHH*DCMPLX (.0D0, -1.D0/ (2.DO*BAL*SDK) )
ZHH=DH*ZHH*ETA/ (4 . *PI*SDK*SDK1)

€ NEXT CALCULATE ZAA BY INTEGRATING ON ALP.

00

110
112

DA=DBET
ALP=DA/2.

VAA=DCMPLX (. 0DO0, . 0D0)
ZAA=DCMPLX ( . 0DO, . 0DO)

DO 110 I=1,XMX
BETS=ALP*ALP+1.

BET=DSQRT (BETS)

CALL BES10 - (BET*AK,BAO,BAl, 0)
CALL BES10 (BET*BK,BB0,BB1,0)
G=CDSQRT (BETS-EC)

RC= (ALP*EC-G) / (ALP*EC+G)
EA2=.0

ARG=ALP*Z2

IF (ARG.LT.80.) EA2=DEXP (~ARG)
ARG=ALP*Z1

I¥ (ARG.GT.80.)GO TO 112
EA1=DEXP (-ARG)

EAZ=DEXP (~ALP*HDX)

P=( (ALP*SDK~CDK) *EA1+EA2) /BETS
VAA=VAA+RC* (BAO-BB0) *BAO*EA] *P
ZAA=ZAA+RC*BAO*BAO* (EA2-CDK1*EAZ) *P
ALP=ALP+DA
ZAA=-DA*EST*ZAA/SDK
VAA=DA*VAA/ (2. *BAL*SDK)
ZMD=ZAA+ZHH

TMM=ZDM+ZMD

DV1=aVAA+VDD+VEHHE

D11=ZDD+ZMM

RETURN

END
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SUBROUTINE DZDD (AK, DBET, DKD, DKW, EC, FB, HDK, 82, T2, TK DZDD.1
2,1FB,112,KMX,D12,D22)

DZDD CALCULATES D12 = CHANGE IN MUTUAL IMPEDANCE BETWEEN MODE 1
AND DISK DIPOLE MODE.

ALSO D22 = CHANGE IN MUTUAL IMPEDANCE BETWEEN TWO DISK DIPOLE MODES.
IMPLICIT REAL*8 (A-H), (P-Z)

DIMENSION FB(1)

COMPLEX*16 D12,D22,EC,QST,GAM,G,RC,EGZ, ZDD, Zbw,EzD,EZ1,EZ2,PC, QOW
DATA ET\,PI,TP/TIS.730366239,3.14159265359,6.2931853071!/
SDKD=DS (N (DKD)

CDXD=DCOS (DKD)

S1=82-DKD

§3=32+DKD

T1=72-DKD

T3=T2+DKD

QST»DCMPLX (.0D0, -ETA/ (4. *PI*SDKD*SDKD))

IF(I12.GT.1)GO TO 62

DBET=.1

KMX=200

IF (KMX.GT.IFB) KMX=IFB

€ NEXT CALCULATE F (BETA) BY INTEGRATING ACROSS THE ANNULAR DISK.

DO 60 K=1,KMX

DRK=PI/10.

BET=DBET* (K-1)

IF (BET.GT.1.)DRK=DRK/BET
INT=DKD/DRK

IF (INT.LT.10) INT=10
DRK=DKD/INT

r=.0

RK=S14DRK/2.

C NEXT INTEGRATE ACROSS THE DISK.

40
50

60
62

DO 50 L=1,2

DO 40 I=1, INT

CALL BES10 (BET*RX,BJ0,BJ1,0)
IF (L.EQ.1)F=F-BJ0*DCOS (RK-S1)
IF (L.EQ.2)F=F+BJO*DCOS (S3~RK)
RK=RK+DRK

RK=S24DRK/2.

FB (K) =DRK*F

CONTINUE

CONTINUE

C NEXT CALCULATE D22.

ZK=2 . *HDK+TK

C NEXT INTEGRATE ON BETA.

72

D22=DCMPLX (.0D0, .0DO)

DO 100 Ke=1,KMX

DRK=P1/10.

BET=DBET* (K-1)

IF (BET.GT.1.)DRK=DRK/BET
INT=DKD/DRK

I¥ (INT.LT.10) INT=10
DRK=DKD/INT

F=rB (K)

BETS=BET*BET

IF (BET.GT.1.)GO T0 72
HR=DSQRT (1.-BETS)

ARG=HR* 2K

EG2Z=DCMPLX (DCOS (ARG) , ~DSIN (ARG) )
GAM=DCMPLX { . 0DO, HR)

GO TO 74

ALP=DSQRT (BETS-1.)
ARG=ALP*1IK

IF (ARG.GT.80.)GO TO 102
EGZ=DCMPLX (DEXP (-ARG) , . 0D0)
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GAM=DCMPLX (ALP, . 0DO)
G=CDSQRT (BETS-EC)
RC= (GAM*EC-G) / (GAM*EC+G)

C NEXT INTEGRATE ACROSS THE ANNULAR DISK.

80
80
100
102

R22=.0

RK=T1+DRK/2.

DO 90 L=1,2

DO 80 I=1,INT

CALL BES10 (BET*RK,BJO,BJ,1)

IF (L.EQ.1)R22aR22+BJ1*DSIN (RX-T1)
IF(L.EQ.2) R22=R22+BJ1*DSIN (T3-RK)
RK=RK+DRK

RK=T2+DRK/2.
D22=D224+DRK*GAM*RC*F*EGZ*R22
D22=DBET*QST*D22

IF (I12.NE.1)RETURN

C NEXT CALCULATE D12.

ZDD=DCMPLX ( . 0DO, . 0DO)
ZDN=DCMPLX (. 0DO, . 0DO)
R2=AK+DKD

C NEXT INTEGRATE ON BETA.

112

114

Z1=HDK+TK

Z2=21+DKW

SDK=DSIN (DKW)

CDK=DCOS (DKN)
QDW=DCMPLX (. 0DO, ~ETA/ (4. *PI*SDK+SDKD) )
DO 160 K=1,KMX

DRK=P1/10.

BET=DBET* (K~1)

IF (BET.GT.1.) DRK=DRK/BET
INT=DKD/DRK

IF (INT.LT.10) INT=10

DRK=DXD/ INT

F=FB (X)

BETS=BET*BET

IF (BET.GT.1.)GO TO 112

HR=DSQRT (1.~BETS)

ARG=HR*ZK
EGZ=DCMPLX (DCOS (ARG) , ~DSIN (ARG) )
ARG=RR*HDK
E2D=DCMPLX (DCOS (ARG) , ~DSIN (ARG) )
ARG=HR*Z1
EZ1=DCMPLX (DCOS (ARG) , ~DSIN (ARG) )
ARG=HR*22
EZ2=DCMPLX (DCOS (ARG) , ~DSIN (ARG) )
GAM=DCMPLX (.0DO, HR)

GO TO 114

ALP=DSQRT (BETS-1.)
EZ2=DCMPLX (. ODO, . 0DO)
ARG™ALP*Z2 :

IF (ARG.LT.80.)EZ2=DCMPLX (DEXP (-ARG) , .0D0)
EGZ=DCMPLX (. 0DO, . 0D0)
ARG=ALP*ZK

IF (ARG.LT.80. ) EGZ=DCMPLX (DEXP (-ARG) , . 0D0)
ARG=ALP*Z1

IF (ARG.GT.80.)GO T0 162
£21=DCMPLX (DEXP (-ARG) , .0D0)
EZD=DCMPLX (DEXP (-ALP*EDK) , .0D0)
GAM=DCOMPLX (ALP, . 0D0)

G=CDSQRT (BETS~-EC)

RC= (GAM*EC-G) / (GAM*EC+G)

C NEXT INTEGRATE ACROSS THE DISK.

R22=.0

RK=AK+DRK/2.

DO 140 I=1,INT

CALL BES10  (BET*RK,BJ0,BJ1,1)
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150
152
160
162

1
R22=R22+BJ1*DSIN (RK-R2) $ DZDD. 3
RK=RK+DRK'
CALL BES10 (BET*AK,BJO,BJ1,0)
IF(K.GT.1)GO TO 150
PC= (DCMPLX (1.D0, 2. *DKW) *EZ2-DCMPLX (CDK, SDK) *EZ1) /4.
GO TO 152
PC= ( (GAM*SDK-CDK) *E21+E22) /BETS
ZDNW=ZDW+BET*RC*FABJ0*EZD*PC
ZDD=ZDD+DRK*GAM*RCAF *EGZ *R22
ZDD=DBET*QST*2ZDD
ZDW=DBET*QDW*ZDW
D12=ZDD+ZDW
RETURN
END
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SUBROUTINE DZWD (AK,DKD,DKW,EC,HDK,NSD, 7K, ZK2,DZ12)
DZWD CALCULATES DZ12 = CHANGE IN MUTUAL IMPEDANCE
BETWEEN A WIRE DIPOLE MODE AND A DISK DIPOLE MODE.
IMPLICIT REAL*8 (A-H), (P-2)

COMPLEX*1€ DZ12(1),EC,GANM,G,RC,QC,EGZ, QST

DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/
IF (NSD.LE.1) RETURN

DO 20 I=2,NSD

DZ12 (1) =DCMPLX (.0DO, .0DO)

TDKD=2 . *DKD

CDK=DCOS (DKW)

SDK=DSIN (DKW)

SDKD=DSIN (DKD)

21=HDK+TK

ZJ2=Z1+42ZK2

ZT=Z1+232

DBET=.1

KMX=200

BET=DBET/2.

C NEXT INTEGRATE ON BETA.

42

44

DO 100 K=1,KMX
BETS=BET*BET
IF(BET.GT.1.)GO TO 42
HR=DSQRT (1.-BETS)
GAM=DCMPLX ( . ODO, HR)
CGD=DCOS (HR*DKW)
ARG=HR*ZT

EGZ=DCMPLX (DCOS (ARG) , =DSIN (ARG) )
GO TO 44

ALP=DSQRT (BETS-1.)
GAM=DCMPLX (ALP, .0D0)
EAD=DEXP (ALP *DKW)

CGD= (EAD+1./EAD) /2.
ARG=ALP*2T

IF (ARG.GT.80.)GO TO 102
EAZ=DEXP (-ARG)
EGZ=DCMPLX (EAZ, .0DO)
G=CDSQRT (BETS~EC)

RCw= (GAM*EC~G) / (GAM*EC+G)
CALL BES10 (RET*AK,BJ0,BJ1,0)
CC=CGD~-CDK

DRK=PI/10.

IF (BET.GT.l.)DRK«DRK/BET
INT=DKD/DRK

IF (INT.LT.10) INT=10
DRK=DKD/INT

RH1=AK

QC= (RC*EGZ) * (DRK*BJ0*CC)
DO 80 I=2,NSD
RH2=RH1+DKD
RH3=RH14TDKD

C NEXT INTEGRATE ACROSS THE ANNULAR DISK.

60
70

80

FR=.0
RK=RH14DRK/2.

DO 70 1=1,2

DO 60 J=1,INT

CALL BES10 (BET*RK,BJ0,BJ1,1)
IF (5L.EQ.1)CI=DSIN (RK-RH1)
IF (L.EQ.2) CI=DSIN (RH3-RK)
FR=FR+BJ1*CI

RK=RK+DRK

RK=RH2+DRK/2.
RH1=RH1+DKD
DZ12(I)=DZ12(X)+QC*TR

100 BET=BET+DBET

A-21

DZWD.1




00

17
102 QST=DCMPLX (.0D0,DBET*ETA/ (TP*SDKD*SDK) )
DO 120 I=2,NSD
120 DZ12(1)=QST*DZ12(1)
RETURN
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SUBROUTINE DZWW (AX,DKD,DKW,EC,HDK, J, TK,D21J,D21J)
DZWW CALCULATES DzIJ = CHANGE IN MUTUAL IMPEDANCE OF
THO WIRE DIPOLE MODES.
AND DZ1J = CHANGE IN MUTUAL IMPEDANCE BETWEEN MODE 1 AND
A WIRE DIPOLE MODE.
IMPLICIT REAL*8 (A-K), (P-2)
COMPLEX*16 DZIJ(1),D21J
COMPLEX*16 G,GAM,EC,RC,0C,0QJ,EJH,EIH, EZ1,EZ2,PC, ZDW,EG2Z
DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/
QJI=DCMPLX (. 0D0, 1.D0)
CDK=DCOS (DKW)
8DK=DS5IN (DKW)
SDKD=DSIN (DKD)
Do 20 I=1,J
20 Dz1J(I)=DCMPLX(.ODO, .0DO)
DZ1J=DCMPLX (. 0DO, .0DO)
Z1=HDK+TK
~2=Z14DKW
ZJ2=Z1+J*DKW
C NEXT INTEGRATE ON H.
c DH=.25/2J2
DH=.1
KMx=1. /DR
IFr (KMX.LT.10) KMX=10
DH=1./KMX
HR=DH/2.
DO 100 Kwl, KMX
BETS=1.-ER*HR
BET=DSQRT (BETS)
CALL BES10 (BET*AK,BJO,BJ1,0)
GAM=DCMPLX (. 0DO, HR)
G=CDSQORT (BETS-EC)
RC= (GAM*EC-G) / (GAM*EC+G)
CC=DCOS (HR*DKW) ~CDK
FAC=BJO*CC
QC=RC* (FAC*FAC*DH/BETS)
ARG=HR*ZJ2
EJH=DCMPLX (DCOS (ARG) , “DSIN (ARG) )
QC=QC*EJH
2I2=21
DO 80 I=1,J
ZI2=ZI2+DKW
ARG=HR*Z12
EIR=DCMPLX (DCOS (ARG) , =DSIN (ARG) )
80 DZIJ(I)=DZIJ(I)+QC*ElH
BJ2=BJ0*BJ0/BETS
ARG=HR*Z1
EZ1=DCMPLX (DCOS (ARG) , -DSIN (ARG) )
ARG=HR*Z2
EZ2=DCMPLX (DCOS (ARG) , -DSIN (ARG) )
PCwEZ2+EZ1 *DCMPLX (-CDK, ER*SDK)
DZ1J=DZ1J+RC*BJI2*CC*EJH*PC*DH
100 ER=ER+DH
C NEXT INTEGRATE ON ALP.
c AMX=6./ (2J2+Z1)
c DA=.1/2J2
c

o000 O

KMX=AMX/DA

DA=DH

KMX=200

ALP=DA/2.

DO 200 Kw],OMX
BETS=ALP*ALP+1.

BET=DSQRT (BETS)

CALL BES10 (BET®*AK,BJU,BJ1,0)
G=CDSQRT (BETS~EC)

A-23

DZWW.1




19
RC= (ALP*EC-G) / (ALP*EC+G)
EAD=DEXP (ALP *DKW)
CAD= (EAD+1./BAD) /2.
CC=CAD-CDK
FAC=BJO*CC
QC= (QJI*RC) * (FAC*FAC*DA/BETS)
ARG=ALP*ZJ2
1F (ARG.GT.80.)GO TO 202
AJZ=DEXP (-ARG)
QC=QC*AJZ
Z12=21
po 180 I=1,J
212=212+DKW
AIZ=DEXP (~ALP*Z12)
180 DZIJ(I)=D2IJ(I)+QC*AIZ
BJ2=BJ0*BJ0/BETS
AZ1=DEXP (~ALP*2Z1)
AZ2=DEXP (~ALP*Z2)
PRwAZ2+ (ALP*SDK-CDK) *AZ1
nz1J—pz1J+oa'nc'm*cc-m-rntm
200 ALP=ALP+DA
202 RIJ=ETA/ (PI*SDK*SDK)
DZ1J=RIJ*DZ1J/2.
DO 220 I=1,J
220 DZIJ(I)=RIJ*DIIJI(I)
C NEXT INTEGRATE ON BETA.
KMX=200
ZT=Z142J2
RH2=AK+DKD
ZDW=DCMPLX ( . 0DO, . ODO)
DBET=.1
PET=DBET/2.
DO 300 Kwl, KMX
BETS=BET*BET
1F (BET.GT.1.)GO TO 262
HR=DSQRT (1.-BETS)
ARG=HR*ZT
EGZ=DCMPLX (DCOS (ARG) , DSIN (ARG) )
GAMSDCMPLX ( . ODO, HR)
CGD=DCOS (HR*DKW)
GO TO 264
262 ALP=DSQRT (BETS8-1.)
ARG=ALP*ZT
1F (ARG.GT.80.)GO TO 302
AGZ=DEXP (~ARG)
EG2Z=DCMPLX (AGZ, .0D0)
GAMsDOMPLX (ALP, . 0D0)
EAD=DEXP (ALP *DKW)
CGD= (EAD+1 . /EAD) /2.
264 G=CDSQRT (BETS-EC)
RCw (GAM*EC-G) / (GAM*EC+G)
CALL BES10 (BET*AK,BJ0,BJ1,0)
CC=CGD-CDK
QC=RC*BJO*CC*EGZ
DRK=PI/10.
n(m.cr.l.)nnx-mm'r
INT=DKD/DRK
IF (INT.LT.10) INT=10
DRK=~DKD/INT
RK=AK+DRK/2.
RDW=_0
C MEXT INTEGRATE ON RHO.
DO 280 1I=1,INT
CALL BES10 (BET*RK,3J0,BJ1,1)
ROW=RDW4BJ1 *DSIN (RE2-KK)
280 RK=RK+DRK
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ZDWw=2DW+DRK*QC*RDW
300 BET=BET+DBET
302 ZDW=DBET*ZDW*DCMPLX (.0D0, ~ETA/ (TP*3DKD*3DK) )
DZ1J=DZ1J+ZDW
RETURN
END
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SUBROUTINE EXPJ(V1,V2,W12)

a

EXPJ CALCULATES W12 = EXPONENTIAL INTEGRAL WITH
LOWER LIMIT V1 AND UPPER LIMIT V2.

IMPLICIT REAL*8 (A-H), (P-2)

COMPLEX*16 EC,El5,S,T,U0C,VC,V1,V2,W12,2
DIMENSION V(21),W(21),D{16),E(16)

DATA V/ 0.22284667D 00,

EXPJ.1

20.11889321D 01,0.29927363D 01,0.57751436D 01,0.98374674D 01,
20.15982874D 02,0.93307812D-01,0.49269174D 00,0.12155954D 01,
20.22699495D 01,0.36676227D 01,0.54253366D 01,0.75659162D 01,
20.10120228D 02,0.13130282D 02,0.16654408D 02,0.20776479D 02,
20.25623894D 02,0.31407519D 02,0.38530683D 02,0.48026086D 02/

DATA W/ 0.45896460D 00,

20.41700083D 00,0.11337338D 00,0.10399197D-01,0.26101720D-03,
20.89854791D-06,0.21823487D 00,0.34221017D 00,0.26302758D 00,
20.12642582D 00,0.40206865D-01,0.85638778D0-02,0.12124361D-02,
20.11167440D-03,0.64599267D-05,0.22263169D-06,0.42274304D-08,
20.39218973D-10,0.14565152D0-12,0.14830270D-15,0.16005949D-19/

DATA D/ 0.22495842D 02,
2 0.74411568D 02,~0.41431576D
2 0.16021761D 03,~0.23862195D
2 0.12254778D 02,~0.10161976D
2-0.21069574D 02, 0.22046490D
DATA E/ 0.21103107D 02,
2-0.37959787D 03, ~0.97489220D
2-0.12910931D 03,~0.55705574D
2 0.17949528D 02,-0.32981014D
2 0.22236961D 02, 0.39124892D
Z=V1

DO 100 JIM=1,2

X=DREAL (Z)

Y=DIMAG (2)

E15=DCMPLX (.0DO, . 0DO)
AB=CDABS (2)

IF(AB.EQ.0.)GO TO 90

03,-0.78754339D
03,-0.50094687D
02,-0.47219591D
01, 0.89728244D

02, 0.12%00672D
03, 0.13524801D
00, 0.31028836D
02, 0.81636799D

IF(X.GE.0. .AND. AB.GT.10.)GO TO 80

YA=DABS (Y)

IF(X.LE.0. .AND. YA.GT.10.)GO TO 80
IF(YA-X.GE.17.5.0R.YA.GE.6.5.0R. X+YA.GE.5.5.0R.X.GE.3.)G0 TO 20

IF(X.LE.-9.)GO TO 40

IF (YA-X.GE.2.5)G0O TO 50
IF (X+YA.GE.1.5)GO TO 30
N=6.43.*AB
E15=1./(N-1.) -Z/N**2
N=N-1
El15=1./(N-1.)~Z*E15/N
IF(N.GE.3)GO TO 15

02,

0.11254744D

03,~-0.68487854D

01,
01/

03,
02,
02,
01/

E15=Z*E15-DCMPLX ( . 5772164DLOG (AB) , DATAN2 (Y, X) )

GO TO 90

Jl=l

J2=6

GO TO 31

J1=7

J2=21
8=DCMPLX (. 0DO, . 0DO)
YSmyry

DO 32 I=J1,32
XI=V(I)+X

CF=W (I) / (XI*XI+XS)
8=S+DCMPLX (XI*CF, ~YA*CTY)
GO TO 54
TImArX-Y2Y

TA=2  *X YA
TSeX*T3-YA*T4
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0.79729681D

0.17949226D
0.14696721D
0.81657657D

0z,
02,
0,

02,
03,
01,
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50

52
54

56
80

90

2
TEwX*T4+YA*T3 EXPJ.2
UC=DCMPLX (D (11) +D {12) *X+D {13) *T3+T5-E (12) *YA-E (13) *T4,
2 E(11)4E(12) *X+E(13) *T3+4T6+D (12) *YA+D (13) *74)
VC=DCMPLX (D (14) +D (15) *X+D (16) *T3+T5-E (15) *YA-E (16) *T4,
2 E(14)+E(15) *X+E (16) *T3+T6+4D (15) *YA+D (16) *T4)

GO TO 52

T3mXrX-Y*Y

T4d=m2  *X*YA

TS=X*T3-YA*T4

T6=X*T4+YA*T3

TT=X*T5-YA*T6

T8=X*TE+YA*TS

TOmX*T7-YA*TS

T10=X*TH+YA*T7

UC=DCMPLX (D (1) 4D (2) *X4D (3) *T3+D (4) *T5+D (5) *T7+T9- (E (2) *YA+E (3) *T4
24B (4) *T6+E (5) *T8) , B (1) +E (2) *X+E (3) *TI+E (4) *T5+E (5) *T7+T10+
3 (D (2) *YA+D (3) *T4+D (4) *T6+D (5) *T8))

VCsDCMPLX (D (6) +D (7) *X4D (8) *T3+D (9) *T5+D (10) *T7+T9- (E(7) *YA4E (8) *T4
24E (9) *T6+E (10) *T8) ,E(6) +E (7) *X+E (8) *TI+E (9) *TS+E (10) *T7+T10+
3(D(7) *YA+D (8) *T4+D (9) *T64D (10) *T8)) :

EC=UC/VC

S=EC/DCMPLX (X, YA)

EX=DEXP (-X)

T=EX*DCMPLX (DCOS (YA) ,~DSIN(YA))

E15=8S*T

IF(Y.LT.0.)E15=DCONJIG (E15)

GO TO 90

E15=.409319/ (2+.193044)+.421831/(Z+1.02666)+.147126/(2+42.56788) +
2.206335E-1/(Z+4.90035)+.107401E-2/ (2+8.18215) +.1586548~4/ (2+
312.7342)+.317031E-7/(2419.3957)

E15=E15*CDEXP (-Z)

IF (JIM.EQ.1)W12=E15

100 2=v2

Z=v2/V1

TH=DATAN2 (DIMAG (Z) , DREAL (Z) } ~-DATANZ (DIMAG (V2) , DREAL (V2) }
2+DATANZ (DIMAG (V1) ,DREAL(V1))

AB=DABS (TH)

IF(AB.LT.1.)TH=.0

IFr(TH.GT.1.)TH=6.2831853

IFr(TH.LT.-1.)TR=-6.2831853

W12=W12-E15+DCMPLX (. 0DO, TH)

RETURN

END
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SUBROUTINE GRILL (AK, BAR, DKD, DKW, NEQ, NSD, NSW, TK, VJ)
GRILL CALCULATES THE VOLTAGE COLUMN VJ(I) FOR
MONOPOLE ON CIRCULAR DISK IN FREE SPACE.
IMPLICIT REAL*8 (A-H), (P-2)
COMPLEX*16 EGZ,GM,GP,GI (20),VJI(1),GII,QST,WST,VJ1
DATA PI,TP/3.14159265359,6.28318530718/
IDM=20

DO 20 I=1,NEQ

VJ (1) =DCMPLX (. 0DO, .0DO)

VJ (1) =DCMPLX (1.D0, .0DO)

IF (BAR.LE.1.)RETURN

VJ (1) =DCMPLX (. 0DO, . 0DO)

DE=DXW

SDK=DSIN (DK)

CDK=DCOS (DX)

BAL=DLOG (BAR)

QST=DCMPLX {.0D0,1./ (4. *BAL*SDK))
BK=AK*BAR

AKS=AK*AK

BKS=BK*BK

LIMsNSW+1

IF (LIM.GT.IDM)LIM=IDM

NPH=6

NPH=2* (NPH/2)

NPP=NPH+1

PHA=.0174533#20.

DPH~PHA/NPH

PH=.0

DO 90 LPH=1,2

WST=DPH*QST/ (3.*PI)

SGN=-1

DO 80 IPH=1,NPP

WF=3,+SGN

IF (IPH.EQ.1)WF=1.

IF (IPH.EQ.NPP)NF=1,

CPH=DCOS (PH)

IF (IPH.GT.1)GO TO 40

IF (LPH.GT.1)GO TO 40

CPH=DCOS (DPR/10.)
RS1w2, *AKS* (1.-CPH)
RS2=AKS+BKS-2 . *AK*BK*CPH
RH1=DSQRT (RS1)

RH2=DSQRT (RS2)

CALL CISI (CA,CIN, SA, RH1)

CALL CISI2(CB,CIN, SB,RH2)
GI(1)=2.*DCMPLX (CB-CA, SA-SB)

DO 50 I=2,LIM

DZ=DK* (I-1)

DZS=D2+DZ

RA=DSQRT (RS1+DZS)

RB=DSQRT (RS2+DZ8S)

CALL CISI (C1,CIN,S81,RA+DZ)
CALL CISI (C2,CIN,S82,RB+DZ)
GP=DCMPLX (C2-C1, 51-82)

RAM=RS1/ (RA+DZ)

RBM=RS2/ (RB+DZ)

CALL CISI (Cl,CIN,Sl,RAM)

CALL CISI (C2,CIN, 82, RBM)
GM=DCMPLX (C2-C1, §1-82)
EGZ=DCMPLX (DCOS (DZ) ,DSIN(DZ))
GI (1) =GP*EGZ+GM/EGZ

VI{1)=VJ (i) +WF*NST* (G (2) ~CDK*GI (1))
IF (NSW.LE.1)GO TO 78

Ki=0
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60
80
90

IA=NSD+1
DO 60 I=IA,NEQ

Ki=K1l+1

K2=K1+1

K3=K2+1

IF (K3.GT.IDM)GO TO 60

GP=GI (K1) -2.*CDK*GI (K2) +GI (K3)

VI (I)wVI (1) +WF *NST*GP

CONTINUE

SGN=-SGN

PH=PH+DPH

DPH= (PI-PHA) /NPH

PR=PHA

CALL CISI (CA,CIN, SA,AK)

CALL CISI (CB,CIN,SB,BK)

R2=AK+DKD

SR2=DSIN (R2)

CR2=DCOS (R2)

SDKD=DSIN (DKD)

Vl1l= (SR2* (CB-CA) -CR2* (SB-SA)) / (2. *BAL*SDKD)
VI (1)=V11+VJI(1)

IF (NSD.LE.1) RETURN

V22= (DSIN (AK) * (CB~CA) ~-DCOS (AK) * (SB-SA) ) / (2. *BAL*SDKD)
VJ (2) =sDCMPLX (V22, . 0D0)

RETURN

END
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SUBROUTINE QDD (CDKD, SDKD, S1, 83, T1,T3, TK, INZ, NPH, 222)

QDD CALCULATES %22 = MUTUAL IMPEDANCE OF TWO DISK MODES.
IMPLICIT REAL*8 (A-B), (P-Z)

COMPLEX*16 Z12,Z22,2D

DATA PI,P3/3.14159265359,9.42477796077/

FORMAT (1X, 8F10.2)

FORMAT (1H0)

FORMAT (5X, ' PRINTOUT FROM QDD’)

FORMAT (5X, 'DISK DIPOLE TO DISX DIPOLE’)

IF (IWZ.LE.0)GO TO 10

WRITE(17,6)

WRITE (17,7)

WRITE (17, 5)

PHA=,0174533*2,

PHB=.0174533%20.

NPH=2+ (NPR/2)

DPH=PHA/NPH

PH=.0

NPHP=NPH+1

£22=(.0D0, .0D0)

DO 80 IPHw1,3

ZD= (.0DO, .0D0)

SGI=-1,

PO 70 I=1,NPHP

Wr=3.45GI

IF(I.EQ.1)WF=l,

IF (1.EQ.NPHP)NF=1.

CPH=DCOS (PE)

IF(I.EQ.1 .AND. IPH.GT.1)GO TO 60

C NEXT: DISK DIPOLE TO DISK DIPOLE.

a0

60

70

80

CALL SKEWS (S1,s3,71,73,7TK,CDKD, SDKD, CDKD, SDKD, CPR, 212)
PHD=57.29578*PH
IF(IWZ.GT.0)WRITE(17,2)PHD, 212
S§GI=-SGI

PH=PH+DPH

ZD=ZD+WF*212
222=222+DPH*2D/P3

PH=PHA

DPH= (PHB-PHA) /NPH

IF (IPH.EQ.1)GO TO 80

PH=PHB

DPH= (PI-PHB) /NPH

CONTINUE

IF¥ (INZ.GT.0)WRITE(17,5)
RETURN

END
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SUBROUTINE QDM (AK,DKD, DKW, CDKD, SDKD, SDK, 81, 83, TK, INZ,NPH, 212)

QDM.1

QDM CALCULATES 212 = MUTUAL IMPEDANCE OF DISK DIPOLE AND MODE 1.

IMPLICIT REAL*8 (A-RH), (P-Z)
COMPLEX*16 ZD,Z12,221, %DM, 2ZM,P12,2DD,PDM
DATA PI,P3/3.14159265359,9.42477796077/
FORMAT (1X, 8¥10.2)

FORMAT (1HO)

FORMAT (5X, ' PRINTOUT FROM QDM’)
FORMAT (5X, 'DISK DIPOLE TO DISK MONOPOLE')
FORMAT (5X, 'DISK DIPOLE TO WIRE uonoponz')
IF (INZ2.LE.0)GO TO 10

WRITE (17, 6)

WRITE(17,7)

WRITE (17,5)

PHA=, 0174533*2.

PHB=,0174533%20.

NPH=2* (NPR/2)

NPHP=NPH+1

DPH=PHA/NPH

IDM=1

IF(S1.GT.10.*AX) IDM=0

PR=.0

ZDD= (. 0D0, . 0DO0)

T2=AK+DKD

DO 40 IPH=1,3

ZD=(.0D0, .0DO)

SGI=-1,

WE=3 . +SGI

IF(I.EQ.1)WFsl.
IF(I.EQ.NPHP)WF=1.

CPH=DCOS (PH)

IF(I.EQ.1 .AND. IPH.GT.1)GO TO 20

C NEXT: DISK-DIPOLE TO DISK-MONOPOLE.

20

30

40

CALL ZSDM (S1,S3,AK,T2,TK,CDKD, SDKD, SDKD, CPH,P12) .
PHD=57.29578*PH

IF (INZ.GT.0)NRITE(17,2)PHD,P12
SGI=-SGI

PH=PH+DPH

ZD=ZD+WF*P12
ZDD=ZDD+DPB*ZD/P3
PH=PHA

DPH= (PEB-PHA) /NPH

Ir (IPH.EQ.1)GO TO 40
PHE=PHB

DPH= (PI-PHB) /NPH
CONTINUE

I¥ (INZ.GT.0)WRITE(17,5)
W2=TK+DKW

Ir (IDM.EQ.0)GO TO 100
IF (INZ.GT.0)WRITE (17,8)
LPHA=6 .

LPH=2* (LPHE/2)
LPP=LPR+1
PHA=.0174533220.
DPH=PHA/LPR

PH=.0

ZDM=(.0DO, .0DO)
RMN=AK/100.

DO 90 IPE=1,2
PDM= (. 0DO, .0DO)

8GI=-1,

DO 80 I=1,LPP
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IF(I.EQ.1)WFm=),

IF (I.EQ.LPP)WF=1.

CPH=DCOS (PH)

RH=AK*DSIN (PE)

IF (XI.EQ.1)RH=RMN

AC=AK*CPH

Vi=S1-AC

V3=S3-AC

IF (1.EQ.1 .AND. IPH.GT.1)GO TO 70

C NEXT: DISK-DIPOLE TO WIRE-MONOPOLE.

70

80

80

CALL ZSDM (V1,V3,TK,W2,RH,CDKD, SDKD, SDK, .0DO,P12)
PHD=57.295768*PH

IF (IWZ.GT.0)WRITE (17,2)PHD,P12
SGI=-SGI )
PR=PH+DPH

PDM=PDM+WF*P12
ZDM=2DM+DPH*PDM/P3

DPH= (PI-PHA) /LPE

PH=PHA

Z12=ZDM-2DD

IF (IWZ.GT.0)WRITE(17,5)

RETURN

C NEXT: DISK-.DIPOLB TO WIRE~MONOPOLE.
100 CALL ZSDM (SI,SB,TK,WZ,AK,@KD,SDKD,SDK,.ODO,!DH)

aa

212=2DM-2ZDD
RETURN
END
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SUBROUTINE QMM (AK,DKD, DKW, CDKD, SDKD, CDK, SDK, TK, IWZ,NPH, 211)

OMM CALCULATES %11 = SELF IMPEDANCE OF MODE 1,

WHICH HAS TERMINALS AT BASE OF MONOPOLE.
IMPLICIT REAL*B (A-H), (P-3Z)

COMPLEX*16 FDM, FMD,IFMM,PDM, PMD, PMM

COMPLEX*16 2D, ZDD, ZDM, ZMD, ZMM, 211,P11

DATA PI,P3/3.14159265359,9.42477796077/

FORMAT (1X, 8r8.0)

FORMAT (1X, 8Fr10.2)

FORMAT (1H0)

FORMAT (5X,  PRINTOUT FROM OMM’)

FORMAT (5X, ' DISK MONOPOLE TO DISK MONOPOLE’)

IF (INZ.LE.0)GO TO 10

WRITE (17, 6)

WRITE(17,5)

AKS=AK*AK

DKMP=TK+DKW

CDKMP=DCOS (DKMP)

SDKMP=DSIN (DKMP)

ZMM= (. 0DO, . 0DO)

ZMD= (. 0D0, . 0DO)

2DM= (. 0D0, .0DO)

LPH=§

LPHe2* (LPR/2)

LPP=LPH+1

PHA=.0174533*20.

DPH=PHA/LPH

RMN=AK*DPH/10.

PH=_0

DO 44 IPH=1,2

FDM= (. 0DO, . 0DO)

¥MD= (. 0DO, .0D0)

FMM= (. 0DO, .0D0)

8GI=~1,

DO 40 I=1,LPP

WF=3_ 4SGI

IF(I.EQ.1)WF=l.

IF(X1.EQ.LPP)WF=1,

IF(I.EQ.1 .AND. IPH.GT.1)GO TO 38

CPE=DCOS (PE)

SPH=DSIN (PEB)

DRG=2.* (1. ~-CPH)

Re=AX*DSQRT (DRG)

IF (I.2Q.1)R=R+RMN

C NEXT: WIRE MONOPOLE TO WIRE MONOPOLE.

CALL ZSMM (-TK,DKW, .0D0,DKW,R,CDXMP, SDKMP, SDK, 1.D0, PMM)

R=AK*SPH

IZ (1.EQ.1) R=R+RMN
Tl=AK* (1.-CPH)
T2=T1+DKXD

C NKREXT: WNWIRE MONOPOLE TO DISK MONOPOLE.

CALL ZSMM (-TK,DKW,T1,7T2,R,CDKMP, SDXMP, SDKD, .0D0,PMD)

81=AK* (1.~-CPR)
82=81+DKD

C MNEXT: DISK MONOPOLE TO WIRE MONOPOLE.

38

CALL ZSMM (81,82, TK, TK+DKN, R, CDXD, SDKD, SDK, . 0DO, PDM)

FMM=FMMAWF *PMM

FMO=FMD+WE *PMD

FDM=FDM+WF *PDM

PHD=57.29578*PH

IF¥ (IWZ.GT.0)WRITE (17,1)PED, PMM, PMD, PDM
3GI=-8GI
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PH=PH+DPH
ZMM=ZMM+DPH*FMM/P3
ZMD=ZMD+DPH*FMD/P3
ZDM=2ZDM+DPH*¥FDM/P3
RMN=.0

DPH= (PI-PHA) /LPE
PH=PHA

. IF(IWZ.GT.0)WRITE(17,5)

IF(IWZ.GT.O0)WRITE(17,7)
PHA=.0174533*2,
PHP=.0174533%20.

NPH=2* (NPH/2)
NPHP=NPH+1

DPH=PHA/NPH

PH=.0

ZDD= (. 0D0, . 0D0)
S2=AK+DKD

DO €0 IPH=l,3

ZD=(.0D0, .0DO)

8GI=-1.

DO 50 I=1,NPHP
WF=3.+SGI
IF(I.2Q.1)Wr=1.
IF(I.EQ.NPHP)WF=1.
CPH=DCOS (PH)

IF (X.EQ.1 .AND. IPHE.GT.1)GO TO 48

C NEXT: DISK MONOPOLE TO DISK MONOPOLE.

48

S0

60

CALL ZSMM (AK,S2,AK,S2,TK,CDKD, SDKD, SDXD,CPE,P11)
PHD=S7.29578*PH

IF (IWZ.GT.0)NRITE (17,2) PHD, P11
SGI=-SGI

PH=PH+DPR

ZD=ZD+WF*P11
ZDD=ZDD+DPB*ZD/P3

PH=PHA

DPH= (PHB~PHA) /NPH

IF (IPE.EQ.1)GO TO 60

PH=PHB

DPH= (PI-PHB) /NPH

CONTINUE

211=2DD-ZDM-ZMD+ZMM

IF (INZ.GT.0)WRITE(17,5)
RETURN

END
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SUBROUTINE SKEW(S1,83,T1,T3,RHK,CDK, SDK,CDKT, SDXT,CPSI,212)  SKEN.]
SKEW CALCULATES Z12 = MUTUAL IMPEDANCE OF CENTER-FED
NONPLANAR-SKEW SINUSOIDAL DIPOLES WITH UNEQUAL LENGTH.
IMPLICIT REAL*8 (A-E), (P-Z)
COMPLEX*16 212,EIN,EGDZ,C0X, BJXX,EM,EP
COMPLEX*16 E(2,2),F(2,2),ES1,ES2,ET1,ET2, EXPA, EXPB, KGZ1
COMPLEX*16 P11,P12,P21,P22
DIMENSION S(3),T(3)
DATA ETA,PI,TP/376.730366239,3.14159265359, 6.26318530718/
S (1)=S1
S2=(81+83) /2.
§ (2) =82
8 (3)=S3
T(1l)=T1
T2= (T1473) /2.
T (2)=T2
T(3)=T3
Z12=(.0DO, .0DO)
DPSI=CPSI
CPSS=DPSI*DPSI
IF (CPSS.GT.1.D0)CPSS=1.D0 \
SPSI=DSQRT (1.00-CPSS)
IF (DABS (CPSI) .LT..999999)GO TO 10
RES=REK*REK
RH2=SPSI* (T14T3) /2.
RHS=RHS+RH2*RRE2 .
SGN=1.
IF (CPSI.GT..0)GO TO 80
SGN=-1. , ‘
T(1)=-T3 . ‘
T(2)=-T2
T(3)=-T1
GO TO 80
DeRHK
DSQ=D*D
CD=D/SPS1
BD=CD*DPSI
EB=DEXP (~BD)
EC=DEXP (-CD)
CST=~ETA/ (16.*PI*SDK*SDKT)
TA=T1
TB=T2
DO 70 ITT=1,2
IF (ITT.EQ.1)ET1=DCMPLX (DCOS (TA) ,DSIN (TA))
IF (ITT.EQ.2)ET2=DCMPLX (DCOS (TB) ,DSIN (TB) )
TD1=TA
TD2=TB
TS1wTD1*TD1
TS2=TD2*TD2
8A=S1
8B=82 :
DO 60 I8S=1,2
IF (185.EQ.1)KS1=DCHPLX (DCOS (SA) ,DSIN(SA) )
I¥ (ISS.2Q.2)ES2=DCHPLX (DCOS (8B) , DSIN (SB) )
DO 20 K=1,2
DO 20 11,2
E(K,L)=(.0D0, .0D0)
SI=SA
DO S0 I=1,2
FIm(-1)%*I
SDI=SI
S8IS=SDI*SDI
ST1=2.#SDI*TD1*DPSI

A-35




30
40

50

54

58
60

70

80

3

ST2e2,*SDI*TD2*DPSI

R1sDSQRT (DSQ+SIS+TS1-8T1)

R2=DSQRT (DSQ+SIS+TS2-8T2)

EK=EB

DO 40 K=1,2

FKe (-1) **K

SK=FK*SDI

EL=EC

DO 30 1=1,2

Fl=(=1) **],

EKL=EK*EL

XXuFK*BD+FL*CD

TL1=FL*TD1l

TL2=FL*TD2

RR1=R1+SK+TL1

RR2=R2+SK+TL2

CALL EXPJ (DCMPLX (XX,RR1),DCMPLX (XX, RR2) , EXPA)
CALL EXPJ (DCMPLX (-XX,RR1),DCMPLX (-XX,RR2) , EXPB)
E (K, L)=E (K, L) +FI* (EXPA*EKL+EXPB/EKL)

EL=1./EC

EK=1./EB

IF(I.EQ.ISS)GO TO 50

ZD=SDI*DPSI

2C=2ZD

EGZI=DCMPLX (DCOS (ZC) ,DSIN(ZC))

RR1=R1+ZD-TD1

RR2=R2+ZD-TD2

CALL EXPJ (DCMPLX (.0D0,RR1l),DCMPLX (.0D0,RR2) ,KXPB)
RR1=R1-2ZD+7D1

RR2eR2-ZD+TD2

CALL EXPJ (DCMPLX(.0DO,RR1),DCMPLX (.0D0,RR2) ,KXPA)
F(I,1)=(.CD0,2.D0) *SDK*EXPA/EGZI
F(I,2)=(.0D0,2.D0) *SDK*EXPB*EGZ]

SI=SB

Ir(ITT.EQ.2)GO TO 54

IF (ISS.EQ.1)P22=CST* (({F(2,1)+E(2,2) *ES1-E(1,2) /ES1) *ET1
A+ (-F(2,2)~E(2,1)*ES1+E(1,1)/ES51) /ET1)

IF (ISS.EQ.2)P12=CST* ((-F(1,1)-E(2,2) *ES2+K (1,2) /ES2) *ET1
B+( F(1,2)+E(2,1)*ES2-K(1,1) /ES2)/ET1)

GO TO S8

IF (ISS.EQ.1)P21=CST* ((~-F(2,1)-B(2,2) *ES1+E(1,2) /BS1) *ET2
C+( F(2,2)+£(2,1)*ES1-E(1,1) /B31) /ET2)

IF (ISS.EQ.2)P1l1=CST* ((F(1,1)+E(2,2)*ES2-E(1,2) /ES2) *ET2
D+(-F(1,2)~E(2,1) *ES2+E(1,1) /ES2) /ET2)

SA=82

8P=S3

TA=T2

TB=T3

Z12=P114P124P214P22

RETURN

DO 100 1=1,3

81I=8 ()

Ci=1.

I?(1.8Q.2)CI=-2. 4CDK

CQx=(.0D0, .0D0)

DO 90 J=1,3

TI=T (J)

CJ=1.

1IF(J.EQ.2)CI=-2.*CDKT

DE=TJI-S1

RwDSQRT (RHS+DZ*DZ)

X=R+DZ

I¥(DZ.LT..0)X=RHS/ (R-DZ)

CALL CISI (COSI,CIN,S8INI,X)
EP=DCMPLX (COSI, -SINI)

X=R-DZ
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IF (DZ.GT..0) X~RES/ (R+D2)
CALL CISI (COSI,CIN,SINI,X)
EM=DCMPLX (COSI, -SINI)
EGDZ=DCMPLX (DCOS (DZ) ,DSIN(DZ))
90 CQX=CQOX+CJ* (EP*EGDZ+EM/EGDZ)
100 212=212+CI*CQX
Z12= SGN*ETA*Z12/ (8.*PI*SDK*SDKT)
RETURN
END
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SUBROUTINE SKEWS (S1,83,T1, T3, RHK, CDK, SDK, CDKT, SDKT, CPSI, 212)

SKENS CALCULATES 212 = MUTUAL IMPEDANCE OF CENTER-FED

COPLANAR-SKEW SINUSOIDAL DIPOLES WITH UNEQUAL LENGTES.
IMPLICIT REAL*8 (A-H), (P-2)

COMPLEX*16 Z12,EIN,EGDZ,COX,RJIXX,EM, EP

DIMENSION S8(3),7T(3) .

DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/

8(1)=851

S(2)=(S1483) /2.

8(3)=83

T(1)=T1

T(2)=(T14T3) /2.

T (3)=T3

Z12=(.0D0, .0DO)

DPSI=CPSI

IF (DABS (CPSI) .LT..999999)G0 T0 10

RHS=RHK*RHK

CPSS=DPSI*DPSI

IF (CPSS.GT.1.D0)CPSS=1.D0

SPSI=DSQRT (1.D0-CPSS)

RH2=SPSI* (T1+73) /2.

RHS=RHS+RE2*RH2

8GN=1.

IF(CPSI.GT..0)GO TO €0

SGN=-~]1.

T(1)=-T3

T(2)=-T(2)

T(3)=-T1

GO TO 60

PO 50 I-1,3

SI=S (1)

SIS=S1*S1

Cl=1.

IF(I.EQ.2)CI=-2.*CDK

DO 50 J=1,3

TJ=T (J)

TJIS=TI*TJI

R=DSQRT (SIS+TJS-2.*SI*TI*DPSI)

CJ=1.

IF (J.EQ.2)CJI=-2.*CDKT

CQX=(.0D0, .0D))

DO 40 K=1,2

FK=(-1.)**K

DO 40 L=1,2

FL=(-1.)**L

XXD=FK*SI+FL*TJ

XX=XXD

EJXX=DCMPLX (DCOS (XX) , DSIN (XX) )

XXX=R+XXD

X=DABS {X00X)

CALL CIS8I (CO8I,CIN,8INI,X)

IF (XXX.LT..0) SINI=-8INI

COX=COX+DCMPLX (COSI, -SINI) *RIXX*FK*FL

CONTINUE

L12=212+CQX*CI*CJT

CCNTINUE
212«-ETA*212/ (8 . *P1*SDK*SDKT)
RETORN

DO 80 1=1,3

8I=8 (1)

CI=1.

IF (I.EQ.2)CI=-2.*CDK
CQX=(.000, .0D0)
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po 70 J=1,3
TI=T (J)

CJI=1.

IF (J.£Q.2)CJ=-2.*CDKT

DZ=TJ-SI1

R=DSQRT (RES+DZ*DZ)

X=R+D2

IF(DZ.LT..0)X=RHS/ (R~D2Z)

CALL CISI (COSI,CIN,SINI,X)
EP=DCMPLX (COSI, -SINI)

X=R-DZ

IF (D2Z.GT..0) X=RHS/ (R+DZ)

CALL CISI (COSI,CIN,SINI,X)
EM=DCMPLX {COSI, ~SINI)
EGDZ=DCMPLX (DCOS (DZ) ,DSIN(DZ) )
CQX=CQX+CJ* (EP*EGDZ+EM/EGDZ)
212=212+CI*CQX
Z12=SGN*ETA*212/ (8.*PI*SDK*SDKT)
RETURN

END
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SUBROUTINE SKEWT (AK, 81,83, T1, T3, CDK, SDK, CDKD, SDKD, INZ, 212)
SKEWT CALCULATES 212 = MUTUAL IMPEDANCE OF WIRE DIPOLE
AND DISK DIPOLE.
IMPLICIT REAL*S (A-R), (P-Z)
COMPLEX*16 P12,212,012
DATA PI,P3/3.14159265359,9.42477796077/
FORMAT (1X, 8F10.2)
FORMAT (1HO)
FORMAT (5X,  PRINTOUT FROM SKEWT')
FORMAT (5X, ’WIRE DIPOLE TO DISK DIPOLE’)
IF (INZ.LE.0)GO TO 20
WRITE (17, 6)
WRITE (17,7)
WRITE (17, 5)
20 RMN=AK/100.
NPHw=6
NPH=2* (NPH/2)
NPP=NPH+1
PHA=.0174533%20.
DPH=PHA/NPH
212=(.0D0, .0DO)
PH=_ 0
C WIRE DIPOLE TO DISK DIPOLE.
DO 80 1IPH=1,2
Q12=(.0D0, .0DO)
8GI=-1.
PO 60 I=1,NPP
WF=3.+SGI
IF(I.EQ.1)Wr=1,
IF (I.EQ.NPP)WF=l,
RH=AK*DSIN (PH)
IF (I.EQ.1)RH=RH+RMN
AC=AK*DCOS (PH)
VisT1-AC
V3=mT3-AC
IF(I.EQ.1 .AND. IPH.EQ.2)GO TO 50
CALL SKEW (S1,83,V1,V3,RH,CDK, SDK,CDKD, SDKD, .0D0,P12)
SO0 Q12=Q124WF2p12
PHD=57.29578*PH
IF (INZ.GT.0)WRITE(17,2)PHD,P12
SGI=-SGI
60 PH=PH+DPH
£12=212+4DPE*Q12/P3
RMN=_0
DPH= (PI-PHA) /NPH
80 PH=PHA
IF (INZ.GT.0)WRITE(17,5)
RETURN
END

aa o0

SN

oo
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'SUBROUTINE SPART (AK,DKD, DKW, MAX, IWZ, Z,Z1) SPART. 1

SPART CALCULATES Z = MUTUAL IMPEDANCE OF TWO WIRE DIPOLE MODES,

AND Z1 = MUTUAL IMPEDANCE BETWEEN A WIRE DIPOLE MODE AND MODE 1.

IMPLICIT REAL*8 (A-R), (P-2)
COMPLEX*16 EID(20),EM(20),%P(20),2(1),21(1)
COMPLEX*16 CEM, CEP,EMD, EPD,EMD2,EPD2,211,222,G11,011
DIMENSION CID(20),S1D(20),CM(20),CP (20),8M(20),SP (20)
DATA GAM,P2/.577215664,1.57079632/
DATA ETA,PI/376.727,3.14159/
IDM=20
FORMAT (3X, ‘MUST INCREASE DIMENSIONS IN SUBROUTINE SPAR?T’)
FORMAT (3X, ‘ACTUAL DIMENSION IDM = ’,IS,6X,
REQUIRED DIMENSION MAX2 = ’,I5)
FORMAT (1X, 8F10.2)
FORMAT (1HO)
FORMAT (5X, ' PRINTOUT FROM SPART')
FORMAT (5X, ‘FIRST: WIRE DIPOLE TO MODE ONE’)
FORMAT (5X, 'THEN: WIRE DIPOLE TO WIRE DIPOLE’)
i¥ (MAX.LE.0) RETURN
MAX2=MAX+2
DO 314 I=1,MAX
Z1(1)=(.0D0, .0DO)
Z(I)=(.0D0, .0D0)
IF (MAX2.LE.IDM)GO TO 16
WRITE (17,1)
WRITE (17, 2) IDM, MAX2
RETURN
DK=DKW
IF(IWZ.LE.0)GO TO 18
WRITE(17,6)
WRITE (17,7)
WRITE (17, 8)
WRITE (17, 5)
TDK=2 . *DK
SDKD=DSIN (DKD)
Sll=.0
S13=TDK
S21=DK
S23=3,*DK
DO 20 N=1,MAX2
I=N~1
DZ=I*DK
CID (N) =DCOS (DZ)
SID (N)=DSIN(DZ)
EID (N) =DCMPLX (CID (N), SID(N))
CDK=DCOS (DK)
SDK=DSIN (DK)
EPD=DCMPLX (CDK, SDK)
EMD=DCMPLX (CDX, ~SDK)
EPD2=EPD*EPD
EMD2=EMD*EMD
CEM=2 . *CDEK+EMD
CEP=2 . *CDK+EPD
AK2=)K*AK
CSS=ETA/ {8.*PI*SDK*SDK)
NPH=6
KPH=2* (NPH/2)
NPP=NPH+1
PHA=,0174533+20.
DPH=PHA/NPH
PH=.0
DO 100 JPH=1,2
CST=DPH*ETA/ (24 . *PI*PI*SDK*SDK)
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C22=DPH/ (3.*PI)

SGlim-1,

DO 80 IPH=1,NPP

CPH=DCOS (PH)

SPH=DSIN (PH)

IF(IPH.GT.1)GO TO 30

IF (JPH.GT.1)GO TO 30

PHO=DPH/10.

CPH=DCOS (PHO)

SPH=DSIN (PHO)

TleAK® (1. ~CPH)

T2=T1+DKD

RH=AK*SPH

DRG=2 . *AK2+* (1. ~CPH)

RK=DSQRT (DRG)

RS=DRG

WF=3_ +8GN

IF(IPH.EQ.1)WFmsl,

IF (IPH.EQ.NPP)WF=l,

WSTaNF£*CST

W22aqr*C22

DO 40 N=1,MAX2

I=N-1

DZ=I*DK

DZS=DZ*DZ

R=DSQRT (RS+DZS)

ARG=R+DZ

IF (N.EQ.1) ARG=RK

CALL CISI (CP(N),CIN,SP (N),ARG)

EP (N) »DCMPLX {CP (N) , ~SP (N) )

IF(N.GT.1)GO TO 38

CM(1)=CP (1)

SM(1)=8P (1)

EM(1)=EP (1)

GO TO 40

ARG=RS /ARG

CALL CISI (CM(N),CIN,SM(N),ARG)

EM (N) =DCMPLX (CM (N) , -SM (N) )

CONTINUE

Red , * (-CM(2)42.%CP (1) -CP (2))
A+2.#CID (3) * (+CM(3) ~2.*CM(2) 4$2.2CP (1) -2.%CP (2) +CP (3) )
B+2.#SID(3) * (~SM(3) +2.*SM(2) -2.*SP (2) +SP (3) )

X=4 *(SM(2)~2.%SP (1) +SP (2))
C+2.*CID(3) * (~8M(3) +2.*8M(2) 2. %8P (1) 42. %8P (2) -SP (3) )
D+2.%8ID(3) * (=CM(3) +2.2CM(2) -2.%CP (2) 4+CP (3) )
011=C8S*DCMPLX (R, X)

2 (1)=Z (1) +WST*DCMPLX (R, X)

Zlle-6. *CDK*EP (1) +2. * (EPD+CDK) *EP (2) -EPD*EP (3) +
22.* (EMD+CDK) *EM (2) -EMD*EM (3)

CALL ZSDM(S11,813,7T1,7T2,RH,CDK, SDK, S8DKD, .0D0, £22)
Gll=C8S*211-222

21 (1)=21 (1) +WSTAZ11-W22#222

PHD=S7,.29578*PH

IF (IWZ.GT.0)WRITE (17, 3)PRD,G11,011

Ir (MAX.EQ.1)GO TO 70

R=2 ,#CID (2) * (~CM(3) +3.2CM(2) -4 .*CP (1) +3.*CP (2) ~CP (3) )
E+2.%81ID (2) * (+8M(3) -2, *8M (2) +2.*5P (2) -8P (3) )
F4+CID (4) * (+OM (4) =2. *CU(3) +CH (2) 4+CP (2) ~2.*CP (3)4CP (4))
GH+8ID (4) * (~BM (4) +2.*8M (3) -8M (2) +SP (2) -2.¢8P (3) +8P (4) )
X®2 .%CID(2)* (8M(3) -3.8M (2) +4.28P (1) =3.28P (2) 48P (3) )
H +2,%81ID(2)* (CM(3)~2.2CM(2) 42.2CP (2) -CP (3))
I+CID (4) * (~SM(4)+2.*8M(3) -8M (2) ~8P (2) 42. %8P (3) -8P (4) )
J48ID (4) * (~CM(4) 42.*CH (3) -CM (2) +CP (2) ~2.*CP (3) +CP (4) )
2 (2) w2 (2) +MST*DCMPLX (R, X)

Z11=2, *EP (1) +CEM* (EMD*EM (3) ~EPDAEP (2) } +
2CEP* (EPD*EP (3) ~EMD*EM (2) ) ~EPD2+EP (4) ~EMD2*EN (4)
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CALL ZSDM(S21,823,T1,T2,RH,CDK, SDK, SDKD, .0D0,222) SPART. 3
71 (2) =21 (2) +WST*211-W22+222
1IF (MAX.EQ.2)GO TO 70
S1=DK
DO 60 N=3,MAX
MleN-1
M2eN-2
N1=N+1
N2eN+2
211wEP (M1) *EID (M1) +EM (M1) /EID (M1) 4CEP* (EP (N1) *EID (N) -EM(N) /EID (N) )
2-CEM* (P (N) *EID (N) -EM (N1) /EID (N} ) -EP (N2) *EID (N1) ~EM(N2) /EID (N1)
81=51+DK .
83=81+TDK
CALL ZSDM(S1,83,T1,T2,RH,CDK, SDK, SDKD, .0D0, 222)
Z1 (N) =21 (N) +WST*Z11-W22+222
CPAwCP (M2) -2 . *CP (M1) +CP (N)
CPB=2 , *CP (N) -CP (M1) -CP (N1)
CPC=CP (N2) -2 . *CP (N1) +CP (N)
CMA=CH (M2) -2 . *CM (M1) +CH (N)
CMB=2 . *CM (N) -CM (N1) ~CM (M1)
CMC=CM (N2) -2 . *CM (N1) +CM (N)
SPA=SP (M2) -2 . *SP (M1) +SP (N)
SPB=2 . *SP (N) ~SP (M1) -8P (N1)
SPC=SP (N2) -2. *SP (N1) +8P (N)
SMA=SM (M2) -2 . *SM (M1) +8M (R)
SMB=2 . %SM (N) -SM (N1) -SM (M1)
SMC=SM (N2) -2 . *SM (N1) +SM (W)
ReCID (M2} * (CPA+CMA} +2. *CID (R) * (CPB+CMB) +2. *SID (N) * (SPB-SMB)
K +CID (N2) * (CPCH+CMC) +SID (N2) * (SPC-SMC)
IF (N.GT.3) R=R+SID (M2) * (SPA-SMA)
Xw~CID (M2) * (SPA+SMA) 2. *CID (N) * (SPB+SMB) +2. *SID (N) * (CPR-CMB)
L -CID (N2) * (SPC+SMC) +SID (N2) * (CPC-OMC)
IF (N.GT.3) X=X+SID (M2) * (CPA-CMA)
60 Z (N)w=Z (N) +WST*DCMPLX (R, X)
70 PH=PH+DPH
80 SGN=-SGN
DPH= (PI-PHA) /NPH
100 PR=PHA
IF (INZ.GT.0)WRITE(17,5)
RETURN »
END
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SUBROUTINE ZSDM(S1,83,T1,T2,REK,CDK, SDK, SDKT,CPSI, Z12) 2SDM.1

CALCULATES Z12 = MUTUAL IMPEDANCE BETWEEN SINUSOIDAL DIPOLE

AND SINUSOIDAL MONOPOLE WITH SKEW ORIENTATION.
IMPLICIT REAL*8 (A-H), (P-Z)

COMPLEX*16 E(2,2),F(2,2),B52,ET2,EXPA,EXPB,EGZI, ES1

COMPLEX*16 CQX,EJXX,212,EPl,EM1, P11,P21,EGDZ, EM,EP

DIMENSION 8(3)

DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/

8(1)=s1

82=(81+483) /2.

8(2)=S52

§(3)=83

Z12=(.0DO, .0DO)

DPSI=CPSI

CPSS=DPSI*DPSI

IF (CPSS.GT.1.D0)CPSS=1.D0

SPSI=DSQRT (1.D0-CPSS)

IF (DABS (CPSI) .1LT..999999)GO TO 10

RHS=RHK*RHK

RH2=SPSI* (T1+T2) /2.

RHS=RHS+RH2 *RH2

8GN=1.

IF (CPSI.GT..0)GO TO 80

8{1)=-83

8(2)w-82

8(3)=-S1

8GN=-1,

GO TO 80

D=RHK

DSQ=D*D

CD=D/SPSI1

BD=CD*DPSI

EB=DEXP (-BD)

EC=DEXP (-CD)

TD1=T1

TD2=T2

TS1=TD1*TD1

TS2=TD2*TD2

CST=-ETA/ (16.*PI*SDK*SDKT)

SA=S1

8B=S2

ET2=DCMPLX (DCOS (T2) ,DSIN(T2))

DO 60 ISS=1,2

IF (ISS.EQ.1)ES1=DCMPLX (DCOS (SA) ,DSIN(SA))

IF (ISS.EQ.2) ES2=DCMPLX {DCOS (SB) ,DSIN(SB))

DO 20 K=1,2

DO 20 L=1,2

E(K,L)=(.0D0, .0D0)

SI=SA

DO S0 I=1,2

FIm(=1) 2]

SD1I=SI

81I8~5DI*SDI

S8T1m2. *SDI*TD1*DPSI

8T2=2.*8DI*TD2*DPS1

R1=DSQRT (DSQ+SIS+TS1-8T1)

R2=DSQRT (DSQ+SIS+TS2-8T2)

EK=EB

DO 40 K=1,2

K= (-1) [ 15 4

SK=FK*SDI

EL=EC

DO 30 1=1,2
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30
40

50

60

80

FL=(=-1) **L ZSDM.2
EKL=EX*EL

XX=FK*BD+FL*CD

TL1=FL*TD1

TL2=FL*TD2

RR1=R1+SK+TL1

RR2=R2+SK+TL2

CALL EXPJ (DCMPLX (XX, RR1) , DCMPLX (XX, RR2) , EXPA)
CALL EXPJ (DCMPLX (-XX, RR1) , DCMPLX (~XX, RR2) , EXPB)
E (K, L) =E (K, L) +FI* (EXPA*EXL+EXPR/EKL)
EL=1./EC

EX=1./EB

IF (X.EQ.188)GO TO 50

ZD=SDI*DPSI

ZC=2ZD

EGZI=DCMPLX (DCOS (ZC) , DSIN (ZC))

RR1=R1+2D-TD1

RR2=R2+4ZD-TD2

CALL EXPJ (DCMPLX (.0DO,RR1) ,DCMPLX (.0D0, RR2) , EXPB)
RR1=R1-ZD+TD1

RR2=R2-ZD+TD2

CALL EXPJ(DCMPLX (.0DO0,RR1),DCMPLX (.0D0,RR2) , EXPA)
F(I,1)=(.0D0,2.D0) *SDK*EXPA/EGZI
¥(I,2)={.0D0,2.D0) *SDK*EXPB*EGZI

SI=SB

IF (1S5.2Q.1)
AP21=CST* ( (=F (2,1) -E (2,2) *ES1+E (1,2) /ES1) *ET2
B+ ( F(2,2)+E(2,1) *ES1-E(1,1) /ES1) /ET2)

IF (ISS.EQ.2)

CP11=CST* (( F(1,1)+E(2,2)*ES2-E(1,2) /ES2) *ET2
D+ (-F(1,2) -E(2,1) *ES2+E(1,1) /ES2) /ET2)

SA=S2

8B=S3

212=P114P21

RETURN

DO 100 I=1,3

Ci=1.

IF (1.EQ.2) CI=-2.*CDK

SI=S(I)

TI=T1

DO 90 J=1,2

DZ=TJ-51

R=DSQRT (RHS+DZ*DZ)

X=R+DZ

IF (DZ.LT..0) X=RES/ (R-DZ)

CALL CISI(COSI,CIN,SINI,X)
EP=DCMPLX (COSI, -SINI)

X=R-DZ

IF (DZ.GT..0) X=RHS/ (R4DZ)

CALL CISI (COSI,CIN,SINI,X)

EM=DCMPLX (COSI, ~SINI)

I7(J.80.2)GO TO 90

EP1=EP

EM1=EM

TI=T2

XeT2-81

EGDZ=DCMPLX (DCOS (X) ,DSIN (X))
212=212+CI* ( (EP-EP1) *EGDZ+ (RM-ENM1) /EGDEZ)

100 CONTINUE

212= SGN*ETA*Z12/(8.*PI*SDK*SDKT)
RETURN
END
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SUBROUTINE ZSMM(S1,S2,T1,72,D,CDS, SDS, SDT,CPSI,P1l)
CALCULATES MUTUAL IMPEDANCE OF COPLANAR-SKEW
SINUSOIDAL MONOPOLES.

IMPLICIT REAL*8 (A-B), (P-2)
COMPLEX*16 E(2,2),¥(2,2),GAM,P11,P12,P21,P22
COMPLEX*16 EGZI,ES1,ES2,ET1,ET2,EXPA,EXPB
COMPLEX*16 EGDZ,EM,EP,ENM]1,EP1
gAIA ETA,GAM,PI/376.730366239, (.0D0,1.D0),3.14159265359/

D=D :
DPQ=DD*DD
DPSI=CPSI

CPSS=DPSI*DPSI
IF(CPSS.GT.1.D0)CPSS=1.D0
8PSI=DSQORT (1.D0O-CPSS)
8GDS=38DS
Ir(S2.LT.S1)SGDS=~SDS
SGDT=SDT
IF(T2.LT.T1)SGDT=-SDT

IF (DABS (CPSI) .LT..999999)GO TO 6
DO=SPSI* (T1472) /2.
DSQ=DPQ+DO*DO

GO TO 110
ES1=DCMPLX (DCOS (S1) ,DSIN(S1))
ES2=DCMPLX (DCOS (S2) ,DSIN(S2))
ET1=DCMPLX (DCOS (T1) ,DSIN(T1))
ET2=DCMPLX {DCOS (T2) , DSIN(T2) )
ID=1

IFr(D.EQ..0)ID=0

TD1=T1

TD2=T2

CD=DD/SPSI

C=CD

BD=CD*DPSI

B=BD

EB=.0

EC=.0

IF (1D0.8Q.0)GO TO 8

EB=DEXP (-B)

EC=DEXP (-C)

DO 10 K=1,2

DO 10 L=1,2
E(K,L)=(.0D0, .0D0)
TS1=TD1*TD1

TS2=TD2*TD2

81=851

DO 100 I=1,2

FIm(-1) %]

SDI=SI

8I8=8DI*SD1
8T1w2.*SDI*TD1*DPSI
8T2a2,%SDI*TD2*DPSI

R1=DSQRT (DPQ+SIS+TS1-8T1)
R2=DSQRT (DPQ+SIS+T52-8T2)
ER=EB .

DO 50 K=1,2

FR= (-1) #oK

SK=FK*SDX

EL=EC

DO 40 1=1,2

FL= (1) **L,

EK1L=EK*EL

XX=FK*BD+FL*CD

TL1=FL*TD1
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TL2=FL*TD2 ZSMM. 2
RR1=R1+SK+TL1

RR2=R2+SK+TL2

AXX=DABS (XX)

IF (AXX.GT.DABS (RR1) /100.)GO TO 28

IF (AXX.GT.DABS (RR2) /100.)G0O TO 28

IF (AXX.GT..001)GO TO 28

IF (RR1/RR2.LT..0)GO TO 28

CALL CISI (COS1,CIN,SIN1,RR1)

CALL CISI(C0S2,CIN,SIN2,RR2)

EXPA=DCMPLX (COS2-COS1, SIN1-8SIN2)

E (K, L) =E (X, L) +FI*EXPA* (EKL+1. /EKL)

GO TO 40

CALL EXPJ (DCMPLX (XX, RR1) , DCMPLX (XX, RR2) , EXPA)
CALL EXPJ (DCMPLX (-XX,RR1) , DCMPLX (-XX, RR2) , EXPB)
E(K,L)sE (K, L) +FI* (EXPA*EXL+EXPB/EKL)

ElL=1./EC

EK=1./EB

IF(I.EQ.2)GO TO 100

ZD=SDI*DPSI

ZCw2D

EGZI=DCMPLX (DCOS (2ZC) ,DSIN(ZC))

RR1eR1+2D-TD1

RR2=R2+ZD-TD2

CALL CISI(C0S1,CIN,SIN1,RR1)

CALL CISI(COS2,CIN,SIN2,RR2)

EXPB=DCMPLX (COS2~-COS1, SIN1-SIN2)
RR1=R1-ZD+TD1

RR2=R2-ZD+TD2

CALL CISI(COS1,CIN,SIN1, RR1)

CALL CISX (COS2,CIN, SIN2,RR2)

EXPA=DCMPLX (COS2-COS1, SIN1-SIN2)

F(1,1)=2, +8GDS*(.0D0,1.D0) *EXPA/EG2ZI
F(I,2)=2.%8GDS* (.0D0,1.D0} *EXPB*EGZT

SI=S2 :

CST=-ETA/ (16.*PI*SGDS*SGDT)

P1li=CST*(( F(1,1)+4E(2,2)*ES52-E(1,2) /ES2)*ET2
A+(~F(1,2)~E(2,1)*ES2+E(1,1) /E52) /ET2)

RETURN

110 IF(CPSI.LT.0.)GO TO 120

TA=T1
TB=T2
GO TO 130

120 TA=-T1

TB=-T2
8GDT=-SGDT

130 SI=S1

CI=-CDS
P1l1=(.0DO,.0D0)

DO 150 Iei,2

TI=TA

DO 140 Jwl,2 .
DZ=TJ-SI

R=DSQRT (DSQ+DZ*DZ)

X=R+DZ

IF (DL.LT..0) X=D3Q/ (R-DZ)

CALL CISI(COSI,CIN,BINI,X)

EP=DCMPLX (COSI, -SINI)

X»R-DZ

Ir (DL.GT..0) X=DSQ/ (R+DZ)

CALL CI81(COSI,CIN,S8INI,X)
EMeDCMPLX (COSI, ~SINT)

IF(J.EQ.2)GO TO 140

EP)=EP

EMl=EM

140 TJI=TB
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X=TB-81 4
EGDZ=DCMPLX (DCOS (X) ,DSIN(X))
P11=P1l1+CI* ( (EP-EP1) *EGDZ+ (EM-ENM1) /EGDZ)
Cl=l.
150 81=82
P1ll=ETA*P11/ (8. *PI*SGDS*SGDT)
RETURN
END
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APPENDIX B

COMPUTER PROGRAM RICHMOND4 FOR THE FAR-ZONE FIELD OF A
MONOPOLE ELEMENT ON A DISK GROUND PLANE ABOVE FLAT EARTH
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COMPUTER PROGRAM RICHMOND4:
MONOPOLE ANTENNA ON CIRCULAR DISK
OVER FLAT EARTH

(IMPEDANCE, GAIN, AND FAR-FIELD PATTERNS)

by
Jack H. Richmond
February 16, 1990

Revised September 21, 1990

INTRODUCTION !

Appendix I presents the computer program RICHMOND4. This FOR-
TRAN program calculates the current distribution, terminal impedance,
and directive gain G(6) of a base-fed monopole antenna mounted at the
center of a circular disk over the flat lossy earth. The detailed theory be-
hind this moment-method solution is presented in the following paper:

(J. H. Richmond, “Monopole Antenna on Circular Disk over Flat Earth,”
IEEE Transactions, Vol. AP-33, pp. 633-637, June 1985.)

To assist the user, comment statements have been inserted in the main
program and the subroutines. Only a few additional brief comments will
be required in this Introduction. '

RICHMOND4 performs all calculations with double precision. In this
program the notation corresponds closely with the notation in the above
paper, with one exception: In the paper 2, denotes the height of the circular
disk above the surface of the earth, whereas in the program HDL denotes
2,/). (The wavelength in free space is denoted by A or WAVM.)

! Appreciation is expressed to The MITRE Corporation for sponsoring this report .
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RICHMONDA4 requires all the subroutines used by RICHMOND3. In
addition, RICHMOND4 requires the following additional subroutines which
are listed after the main program in Appendix I: EDISK1, EDISK2, GAIN1,

and GAIN2.

Subroutines EDISK1 and GAIN1 calculate the far-zone electric field
intensity Es(8) for the monopole on the circular disk in free space, with
0 < 6 < w. In these calculations, the factor exp(—jkr)/(kr) is suppressed.
For the monopole on a circular disk over the flat earth, EDISK2 and GAIN2
calculate Ep(6) with 0 < 8 < x/2. In GAIN1 and GAIN2, ET denotes the
quantity kr exp(jkr) Ee(r,0), which may be called “the normalized far-
zone electric field intensity” corresponding to the space wave.

GAIN1 and GAIN2 each makes two passes through the range of angles
6. On the first pass (M = 1), the time-average radiated power F, is calcu-
lated via numerical integration using appropriately small increments DTH
in the angle 8. On the second pass (M = 2), the directive gain D(0) is
calculated and stored using the angular increments DTHD specified in the

input data.

Tables I and II show numerical results (with RICHMOND4) for cir-
cular disks with radii ka = 1.5 and 3.0 respectively, where k denotes the
wavenumber in free space. For the monopole on a disk in free space, the ra-
diation resistance R(RAD) and the directive gain GAIN agree closely with
Tables A2-6 and A2-12 in the following:

(M. M. Weiner et al., “Monopole Elements on Circular Ground Planes,”

Artech House, 1987.)

In addition, Tables I and II list the radiation resistance and gain for the
monopole on a disk on the flat lossy earth, as well as the antenna terminal
impedance in free space and on the flat earth. Let us define the radiation
efficiency to be the ratio between the power radiated (via the “space wave”
into the free-space region) and the power input at the antenna terminals.
This radiation efficiency, then, is equal to the ratio of the radiation resis-
tance and the real part of the antenna terminal impedance. In Tables I
and II the radiation efficiency is 100% for the antenna in free space. For
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the antenna on flat earth the radiation efficiency is 25.1% with the smaller
disk, and 46.6% with the larger disk.

RICHMONDA4 has been tested with several of the examples in the pub-
lished paper cited earlier (Richmond, IEEE, 1985), with excellent agree-
ment on the antenna terminal impedance. In addition, the RICHMOND4
calculations converge properly as the number of segments (NSD and NSW)
increases.

In the calculation of the normalized far-zone electric field intensity ET,
GAIN1 and GAIN2 include only the “space wave” component of the field.
The effects of the round earth and the ionosphere are not included. Even
with flat earth, as the observer approaches the air-earth interface, the
“ground wave” or “surface wave” field may become significant, but is not
included in ET.




TABLE 1. Numerical Results withka = 1.5

DOUBLE PRECISION
MONOPOLE ON CIRCULAR DISK

NSD NSW AL CK CL HL HDL
8 2 1.E-6 1.5 0.2387 0.25 0.0

R (RAD) R X

22.0733 22.0710 13.7758 {IN FREE SPACE)
THETA GAIN {IN FREE SPACE)
0.0000 0.0000

10.0000 0.0582

20.0000 0.2202

30.0000 0.4521

40.0000 0.7103

50.0000 0.9540

60.0000 1.1543

70.0000 1.2967

80.0000 1.3781

90.0000 1.4008

100.0000 1.3674

110.0000 1.2775

120.0000 1.1306

130.0000 0.9303

140.0000 0.6906

150.0000 0.4387

160.0000 0.2135

170.0000 0.0564

180.0000 0.0000
THETA GAIN (ON FLAT EARTH)

0.0000 0.0000
10.0000 0.1550
20.0000 0.6084
30.0000 1.3146
40.0000 2.1628
50.0000 2.9360
60.0000 3.2924
70.0000 2.8331
80.0000 1.3814
90.0000 0.0000

NSD NSW AL BAR CL ER FMC HDL HL
8 2 1.E-6 3.0 0.2387 4. 10. 0.0 0.25

R(RAD) R X
7.4736 29.7531 12.3685 (ON FLAT EARTH)
: ’

S1G
.001




NSD NSW

TABLE II. Numerical Results withka = 3

2

R (RAD)

40.

0556

THETA

0.
10.
20.
30.
40.
50.
.0000

60

70.

80.

90.
100.
110.
120.
130.
140.
150.
160.
.0000
180.

170

0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0000

THETA

0.
10.
20.
30.
40.
50.
60.
70.
80.
90.

NSD NSW

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

2

R (RAD)

18.

2413

DOUBLE PRECISION

MONOPOLE ON CIRCULAR DISK

AL
1.E-6

R
40.0120

GAIN
.0000
.2238
.7637
.3305
.6823
.7417
.5725
.2923
.0069
.7868
.6695
.6649
.7499
.8597
.8925
.7578
.4593
.1391
.0000

CO0O0OO0OOCOOOHKNHKHKHHOOO

GAIN

AL
1.E-6
R

39.1551

cXx CL HL HDL
3. 0.4775 0.2500 0.0
X
33.0500 (IN FREE SPACE)
{(IN FREE SPACE)
(ON FLAT EARTH)
BAR CL ER IFMC . HDL HL SI1G

3.0 .4775 4. 10. 0.0 .25 .001

X
27.5684

(ON FLAT EARTH]}
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APPENDIX 1. RICHMONDY and the Subroutines

RICHMOND4
MONOPOLE AT CENTER OF CIRCULAR DISK OVER FLAT EARTH. RICRMONDL ,1
DOUBLE PRECISION.
CURRENT DISTRIBUTION, IMPEDANCE, AND FAR-FIELD PATTERN.
LINK: BES10,C1SI,CMINV,D211,D2ZDD,DZWD,DZWW, EDISK],EDISK2,EXPJ,
GAIN1, GAIN2, GRILL, QDD, QDM, OMM, SKEW, SKEWS, SKEWT, SFART, ZSDM, ZSMM
IMELICIT REAL*§ (A-H), (P-2)
COMPLEX*16 CJ(30),VJ(30),2J(30),VIJ(30,30),213(30,30)
COMPLEX*16 Y11,DET,EC,D11,D12,D21,D22,D21J,DV1, W11
COMPLEX*16 P11,P12,P21,P22,2DD, 2DM, ZMD, ZMM, 211, 2D, 222,212,221
DIMENSION FB(500),G(182),LLL(30),MMM(30)
DATA EO,U0/8.85418533677D-12,1.25663706144D~6/
DATA ETA,PI,TP/376.730366239,3.14159265359, 6.28318530718/
DATA ICC,IFB/30,500/
FORMAT (1X, 215, BF10.4)
FORMAT (1X, 8F10.4)
FORMAT (1H0)
AL = RADIUS OF WIRE IN WAVELENGTHS.
BAR = RADIUS RATIO FOR COAXIAL FEED CABLE.
CL = RADIUS OF CIRCULAR DISK IN WAVELENGTHS = EPSLN/TP,
DTHD = INCREMENT IN FAR-FIELD ANGLE THETA (DEGREES) .
ER = RELATIVE PERMITTIVITY OF EARTH.
FMC = FREQUENCY IN MEGAHERTZ.
HL = LENGTH OF MONOQPOLE IN WAVELENGTHS.
HDL = HEIGHT OF DISK ABOVE THE EARTH IN WAVELENGTHS.
NSD = NUMBER OF SEGMENTS ON THE DISK.
NSW = NUMBER OF SEGMENTS ON THE WIRE.
SIG =~ CONDUCTIVITY OF EARTH, MHO/M.
SET DTHD = NEGATIVE TO SKIP THE GAIN CALCULATIONS.
SET HDL = NEGATIVE FOR MONOPOLE-DISK IN FREE SPACE,
OR HDL = POS. FOR FREE SPACE + FLAT EARTH.
SET IWCJ = 1 TO WRITE OUT THE CURRENTS CJ(N),
OR 1IWCJ = 0 TO SUPPRESS WRITEOUT.

TL = 1.D-5 FOR EPSLN GREATER TBAN OR EQUAL 0.25,
= AL.D-4 FOR EPSLN LESS THAN 0.25,

AlL=1.D-6

BAR=3.

CL=3./TP

DTHD=10.

ER=4.

FMC=10.

HL=.25

HDL=1.D-5

IWCJ=0

NSD=38

NSW=2

SIG=.001

TL=1.D-5

WAVM=300./FMC

IWZ=0

NPR=6

NEQ=NSD+NSW-1

IF (NEQ.GT.ICC)GO TO 400
AK=TP*AL

CK=TP*CL

HK=TP*HL

HDK=TP*HDL

TK=TP*TL
OMEG=TP*FMC*1.D6
EC=DCMPLX (ER, ~S1G/ (OMEG*ED))
DKD= (CK~AK) /NSD
DKW=HK/NSW

RHE2=AK+DKD

IF (RH2.LT.BAR*AK)GO TO 400
TDKD=2 . *DKD
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CDKD=DCOS (DKD) . MAIR,2
SDKD=DSIN (DKD)
CDX=DCOS (DKW)
SDK=DSIN (DKW)
MAXsNSW-1
NA=NSD+1

CALL QMM (AX,DKD, DKW, CDKD, SDKD, CDK, SDX, TX, INZ,NPH, Z11)
Z1J(1,1)=211

IF(NSD.LE.1)GO TO 100

Sl=AK

DO 60 J=2,NSD

S2=81+4DKD

S$3=S1+TDKD

Tl=AK

DO 50 I=2,J

T2=T1+4+DKD

* P3=T14+TDKD

50

60
100

150

160
178

180
190
200

210

CALYL QDD (CDKD, SDKD, S1,S3,T1, T3, TK, INZ,NPH, 222)
Z13(I,J) =222
T1=T1+DKD
CALL QDM (AK,DKD, DKW, CDKD, SDKD, SDK, S1, S3, TK, INZ, NPH, 212)
21J3(1,J) =212
S1=S1+DKD
IF (NSW.LE.1)GO TO 200
CALL SPART (AK,DKD,DKW,MAX, IWZ, 2J,CJ)
L=0
DO 160 I=NA,NEQ
DO 150 J=I,NEQ
K=J-I+1
ZI13(I,J)=2J (K)
LaL+l
ZIJ(1,1)=CJ (L)
CONTINUE
IF (NSD.LE.1)GO TO 200
22=.0
DO 190 J=NA,NEQ
Z2=Z24DKW
S1=22-DKW
S3=Z2+DKW -
RH2=AK
DO 180 I=2,NSD
RH2=RH2+DKD
T1=RH2-DKD
T3=RH2+DKD
CALL SKEWT (AK, S1,S3,T1,T3,CDK, SDK, CDKD, SDKD, IWZ,212)
21J(I,J)=212
CONTINUE
CALL GRILL (AKX, BAR,DKD, DKW, NEQ, NSD, NSW, TK, VJ)
DO 210 I=1,NEQ
DO 210 J=I,NEQ
WRITE(17,1)1,J,%13(1,J)
213(J,1)=231J(I,J)
VIJ(I,J)=213(X,JT)
WRITE (6, 1) NSD, NSW, AL, CK, CL, EL, EDL
WRITE (17, 1) NSD, NSW; AL, CK, CL, HL, EDL
WRITE (6,5)
WRITE(17,5)
CALL CMINV(CJ,VJ,21J, ICC,INCT,1,LLL, MM, REQ, DET)
Y11=CJ (1)
Z11l=1./¥11

CALCULATE DIRECTIVE GAIN G(N) IN FREE SPACE.
RR1=.0

IF (DTHD.1E..0)GO TO 212
. GAINA = DIRECTIVITY IN FREE SPACE.




c THA = ANGLE OF MAXIMUM GAIN IN TREE SPACE.
CALL GAIN1 (AK,CK,CJ,DTHD,G, GAINA, HK, NSD,
2 NSW,NTH, PR, THA, WAVM)
AJ=CDABS (CJ (1))
RR1=PR/ (AJ*AJ)
212 CONTINUE
c WRITE (6,2) HDL, GAINA,RR1, Z11
c WRITE (15, 2) HDL, GAINA,RR1, Z11
c WRITE(6,5)
c WRITE (17, 5)
IF (DTHD.LE..0)GO TO 222
PO 220 N=1,NTH
TH=DTHD* (N-1)
WRITE (6,2) TH, G (N)
WRITE(17,2) TR, G (N)
220 CONTINUE
WRITE (6, 5)
WRITE (17,5)
222 CONTINUE

CALCULATE DIRECTIVE GAIN G(N) OVER FLAT EARTH.

anon

IF (HDL.LT..0)GO TO 350
DO 400 NHD=], 4
BDL=NHD
HDK=TP*HDL
C DELETE STATEMENT 230 UNLESS THE CURRENT DISTRIBUTION IS TO BE
C  APPROXIMATED BY THE CUR. DIST. FOR ANTENNA IN FREE SPACE.
C 230 IF(NHD.GT.0)GO TO 316
CALL DZz1l (AX,BAR,DKD,DKW,EC,FB, HDK, TK, IFB,D11,DV1})
21J(1,1)=D11
IF(NSD.LE.1)GO TO 265
S2=AXK+DKD
DO 260 J=2,NSD
T2=AX+DKD
I12=1
DO 250 I=2,J
CALL DZDD (AK,DBET,DKD,DXW,EC,FB, HDK, $§2,T2,TK
2,1IFB,I12,KMX,D12,D22)
IF(I.EQ.2)P12=D12
21J(1,J)=p22
I1l2w2
250 T2=T2+DKD
21J3(1,J)=P12
260 S2=S2+4DKD
265 IF(NSW.LE.1)GO TO 278
DO 276 Kel,MAX
CALL D2ZWW (AK, DKD, DKW, EC, HDK, X, TK, 2J,021J)
J=NA+K-~1 .
21J(1,J)=D21J
L=1

DO 270 I=NA,J
ZIT(I,J)=2J (L)
270 L=L+1
276 CONTINUE _
278 IF(NSD.LE.1)GO TO 300
22=.0
DO 290 J=NA,NEQ
Z2=Z24DKW .
CALL DZWD (AK,DKD, DKW, EC, HDK, NSD, TX, 22, 2J)
DO 280 I=2,NSD
280 ZIJ(I,J)=2J(I)
290 CONTINUE
300 DO 310 I=1,NEQ
DO 308 J=I,NEQ
Z12=VIJ (1,J)
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308
310

312
315

316

320

322

350
400

500

D12=21J(I,J) MAINL

WRITE (17,1)I,J,2%12,D12
ZIJ (1, J)=212+D12
CONTINUE
CONTINUE

WRITE (17, 5)
CALL GRILL (AK,BAR, DKD, DKW, NEQ, NSD, NSW, TX, VJ)
VJI(1)=VJ (1) +DV1
DO 315 I=1,NEQ
DO 312 J=I,NEQ
213(J, 1) =2IJ(I, J)
CONTINUE
°“i‘§z cugr:v(c.z,va, 213, ICC, IWCJ, 1, LLL, MMM, NEQ, DET)

IF (DTHD.LE..0)GO TO 322

GAINB = DIRECTIVITY OVER FLAT EARTH.

THB = ANGLE OF MAXIMUM GAIN OVER FLAT EARTH.

CALL GAIN2 (AK,CK,CJ,DTHD, EC, G, GAINB, HDK, HK,
2 NSD,NSW,NTH, PR, THE, NAVM) '
AJ=CDABS (CJI (1)) -
RR2=PR/ (AY*AJ)

IF (DTHD.LE.0.)GO TO 322
DO 320 N=1,NTH
TH=DTHD* (N-1)
WRITE (6, 2) TH, G (N)
WRITE (17,2) TH, G (N)
CONTINUE
WRITE (6, 5)
WRITE (17, 5)
¥Y11=CJ(1)
Nli=1./Y11

DEB=10.*ALOG10 (GAINB)
WRITE (6, 2) HDL, DBB, THB, RR2, W11
WRITE (16, 2) HDL, DBB, THB, RR2, N11

WRITE (17, 1) NSD, NSW, AL, BAR, CL, ER, FNC, EDL, EL, SIG

WRITE(17,5)
CONTINUE
CONTINUE

WRITE (6, 5)

WRITE (16, S)

DBA=10.*ALOG10 (GAINA)

WRITE (6, 2) DBA, THA, RR1, Z11

WRITE (16,2) DBA, THA,RR1, 211
CALL EXIT
END
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SUBROUTINE GAINI (AK,CK,CJ,DTHD,G, GAINA, HK, NSD, NSW,
2 NTH,PR,THA, WAVM)
SEPTEMBER 21, 1990.

GANl,.1

CALCULATE DIRECTIVE GAIN G(N} FOR MONOPOLE ON DISK IN FREE SPACE.

ALSO PR = TIME-AVERAGE POWER RADIATED.
GAINA = DIRECTIVITY IN FREE SPACE.
THA = ANGLE OF MAXIMUM GAIN IN FREE SPACE.
IMPLICIT REAL*8 (A-H), (P-Z)
COMPLEX*16 CJ(1),CJ1,CJ2,CQ,CQS,EK]1,EK2,EK3, EY, ETH, ETHD
DIMENSION G(1)
DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/
BET=TP/WAVM
DKD= (CK~AK) /NSD
SDKD=DSIN (DKD)
CDKD=DCOS (DKD)
DKW=HK/NSW
CDK=DCOS (DKW)
SDK=DSIN (DKW)
NEQ=NSD+NSW-1
DK=HK
IF (CK.GT.HK) DX=CK
NS=10.*DK/PI
NS=2* (NS/2)
IF (NS.LT.20)NS=20
NTH=NS+1
DTH=PI/NS
CO=DCMPLX (.0DO0,BET*ETA/ (4 . *PI*SDK) )
2 0=HDK
Z0=.0
LS=10.*DKD/PI
IF (LS.LT.4)LS=4
LS=2% (LS/2)
PR=_0
GAINA=_0
DO 250 M=1,2
IF M=1, USE SIMPSON’S RULE INTEGRATION TO
CALCULATE PR = POWER RADIATED.
IF M=2, CALCULATE THE DIRECTIVE GAIN G(N).
SGN=-1.
DO 200 NT=1,NTH
IF(NT.EQ.1)G0O TO 200
IF {(NT.EQ.NTH)GO TO 200
ET=(.0D0, .0D0)
WF=3_ +SGN
SELECT THE FAR-F1ELD ANGLE TH = THETA.
TH=DTH* (NT-1)
CTH=DCOS (TH)
STH=DSIN (TH)
CQS=CQ/STH
CALCULATE FAR-ZONE FIELD OF MODE #1 IN FREE SPACE.
Z1=20
22=214DKW
ARG=Z2*CTE
EK2=DCMPLX (DCOS (ARG) , DSIN (ARG) )
ARG=Z1*CTH
EX1=DCMPLX (CDX, CTH*SDK) *DCMPLX (DCOS (ARG) , DSIN (ARG) )
ETH=CQS*CJ (1) * (EX2-EK1)
CI1=-CJ(1)
CJ2=(.0D0, .0DO)
RK1=AK
RK2=RX1+DKD .
CALL EDISX1 (CJ1,CJ2,CTE,DKD,ETHD,LS,RK1, K2, SDKD, STE, BET, 20)
ET=ET+ETR+ETHD
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160
162
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248
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300

IF (NSD.LE.1)GO TO 100 S
CALCULATE FAR FIELD FROM DISK CURRENT IN FREE SPACE. GAIN1,2
DO 60 J=1,NSD
RK1=AK+ (J-1) *DKD
RK2=RK1+DXD
CI1=CJ (J)
IF (J.EQ.1)CJ1=(.0D0, .0D0)
CJI2=CI (J+1)
IF (J.EQ.NSD)CJ2=(.0D0, .0D0)
EDISK1 CALCULATES FIELD FROM ANNULAR ZONE J OF THE DISK.
RK1 AND RK2 ARE INNER AND OUTER RADII OF ZONE J.
CJ1 AND CJ2 DENOTE RADIAL CURRENTS AT INNER AND OUTER RADII.
CALL EDISK1 (CJ1,CJ2,CTH,DKD,ETHD, LS, RK1, RK2, SDXD, STH, BET, Z0)
ET=ET+ETHD
CONTINUE
IF (NSW.LE.1)GO TO 162
CALCULATE FAR FIELD FROM THE WIRE DIPOLE MODES IN FREE SPACE.
JIB=NSW-1
DO 160 J=1,JB
22=Z04+J*DKW
Z1=Z2-DKW
Z3=Z2+DKW
L=NSD+J
ARG=Z1*CTH
EK1=DCMPLX (DCOS (ARG) , DSIN (ARG) )
ARG=Z2*CTH
EX2=DCMPLX (DCOS (ARG) , DSIN (ARG) )
ARG=23*CTH
EX3=DCMPLX (DCOS (ARG) , DSIN (ARG) )
ETH=CJ (L) *CQS* (EK1+EK3~2 . *CDK*EK2)
ET=ET+ETH
CONTINUE
AT=CDABS (ET)
ATS=AT**2
IF(M.EQ.1)PR=PR+WF*ATS*STH
IF (M.EQ.2)G (NT)=ATS
IF (ATS.LT.GAINA)GO TO 200
GAINA=ATS
THA=57.29578*TH
SGN=-SGN
IF (M.EQ.1) PR=TP*PR*DTR/ (3.*ETA*BET*BET)
DTH=.01745329*DTHED
IF (DTHD.GT.0.)GO TO 248
NS=1
NTH=1
GO TO 250
NS=180./DTHD
NTH=NS+1
CONTINUE
G(1)=.0
G(NTH)=.0
NORMALIZE THE DIRECTIVE GAIN G(N).
CST=4.*PI/ (ETA*BET*BET*PR)
GAINA=CST*GAINA
DO 300 Ne=1,NTH
GN=CST*G (N)
G (N) =GN
CONTINUE
RETURN
END
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SUBROUTINE GAIN2 (AX,CK,CJ,DTHD,EC, G, GAINB, HDK, HK, GAIM2.1

2 NSD,NSW,NTH, PR, THB, WAVM)

SEPT. 21, 1990.
GAINB = DIRECTIVITY OVER FLAT EARTH.
THB = ANGLE OF MAXIMUM GAIN.
CALCULATE DIRECTIVE GAIN G({N) FOR MONROPOLE ON DISK OVER FLAT EARTH.
ALSO PR = TIME-AVERAGE POWER RADIATED INTO UPPER HALF-SPACE.
DOUBLE PRECISION
IMPLICIT REAL*8 (A-H), (P-2)
COMPLEX*16 CJ(1),CJ1,CJ2,CQ,CQS
COMPLEX*16 EC,EK1,EK2,EK3,ET,ETH,ETHD,ET1,QST,RC
DIMENSION G(1)
DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/

. BET=TP /WAVM

DKD= (CK-AK) /NSD
SDKD=DSIN (DKD)
CDKD=DCOS (DKD)
DKW=HK/NSW
CDK=DCOS (DKW)
SDX=DSIN (DKW)
NEQ=NSD+NSW-1
DKwHK+HDK
IF (CK.GT.DK)DX=CK
NS=10.*DK
NS=2* (NS/2)
IF (NS.LT.90)NS=90
NTH=NS+1
DTH=PI/ (2. *NS)
CO=DCMPLX (. 0D0, BET*ETA/ (4.*PI*SDK))
20=HDK
LS=10.*DKD/PI
IF{LS.LT.4)1L8=4
LS=2* (LS/2)
PR=.0
GAINB=.0
DO 250 M=1,2 .
IF M=1, USE SIMPSON’S RULE INTEGRATION TO
CALCULATE PR = POWER RADIATED.
IF M=2, CALCULATE DIRECTIVE GAIN G(N).
SGN=-1.
DO 200 NT=1,NTH
IF (NT.EQ.1)GO TO 200
ET=(.0D0, .0D0)
WFw=3.+SGN
IF (NT.EQ.NTH)NF=1,
SELECT THE FAR-FIELD ANGLE TH = THETA.

TH=DTH* (NT-1)

CTH=DCOS (TH)

STH=DSIN (TH)

CQS=CQ/STH

QST=CDSQRT (EC~STH*STR)

RC = REFLECTION COEFFICIENT AT AIR-EARTE INTERFACE.

RC= (EC*CTH-QST) / (EC*CTR+QST)
CALCULATE FAR-ZONE FIELD OF MODE #1.

21=20

22=214DKW

ARG1=Z14CTH
EK1=DCMPLX (DCOS (ARG1) ,DSIN (ARG1) )
ET1=DCMPLX (CDK, CTH*SDK) *EK1
ARG2=22*CTH

EX2=DCMPLX (DCOS (ARG2) , DSIN (ARG2) )
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ETH=EK2-ET1 GAIN2,2
EK1=DCONJG (EK1)

ET1=DCMPLX (CDK, ~-CTH*SDK) *EK1

EK2=DCONJG (EK2)

ETH=CQS*CJ (1) * (ETH+RC* (EK2-ET1))

CJ1l=-CJ (1)

CJ2=(.0D0, .0DO)

RK1=AK

RK2=RK1+DKD

CALL EDISK2(CJ1,CJ2,CTH,DKD,ETHD,LS,RC,RK1,RK2, SDKD, STH, BET, Z0)
ET=ET+ETH+ETHD

IF(NSD.LE.1)GO TO 100

CALCULATE FAR FIELD FROM DISK CURRENT IN FREE SPACE.

DO 60 J=1,NSD

RK1s=AK+ (J-1) *DKD

RK2=RK1+DKD

CJ1=CJ (J)

IF (J.EQ.1)CJ1=(.0D0, .0D0)

CJI2=CJ (J+1)

IF (J.EQ.NSD)CJ2=(.0D0, .0D0)

EDISK2 CALCULATES FIELD FROM ANNULAR ZONE J OF THE DISK.
RK1 AND RK2 ARE INNER AND OUTER RADII OF ZONE J.

CJ1 AND CJ2 DENOTE RADIAL CURRENTS AT INNER AND OUTER RADII.

CALL EDISK2(CJ1,CJ2,CTH,DKD,ETHD,LS,RC,RK1l,RK2, SDXD, STH, BET, 20)
ET=ET+ETHD

CONTINUE

IF(NSW.LE.1)GO TO 162

CALCULATE FAR FIELD FROM THE WIRE DIPOLE MODES IN FREE SPACE.

JB=NSW-1
DO 160 J=1,JB
22=Z0+J*DKW
21=22-DKW
£3=22+DKW
L=NSD+J
ARG=Z1*CTH
EK1=DCMPLX (DCOS (ARG) , DSIN (ARG) )
ARG=Z2*CTH
EK2=DCMPLX (DCOS (ARG) , DSIN (ARG))
ARG=Z3*CTH
EK3=DCMPLX (DCOS (ARG) , DSIN (ARG) )
ETH=EK1+EK3-2.*CDX*EK2
EK1=DCONJG (EK1)
EX2=DCONJG (EX2)
EK3=DCONJG (EK3)
ETH=CJ (L) *CQS* (ETH+RC* (EX1+EK3-2, *CDK*EK2))
ET=ET+ETH
CONTINUE
AT=CDABS (ET)
ATS=AT**2
IF(M.EQ.1) PR=PR+WF*ATS*STH
IF (M.EQ.2)G(NT)=ATS
IF (ATS.LT.GAINB)GO TO 200
GAINB=ATS
THB=57.29578*TH
SGN=-SGN
IF (M.EQ.1)PR=TP*PR*DTH/ (3. *ETA*BET*BET)
IF (DTHD.GT.0.)GO TO 248
NS=}
NTH=1
GO TO 250
DTH=.01745329*DTHD
NS=90./DTHD
NTH=NS+1
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250 CONTINUE
G(1)=.0
NORMALIZE THE DIRECTIVE GAIN G(N).
CST=4.*PX/ (ETA*BET*BET*PR)
GAINB=CST*GAINB
DO 300 N=1,NTH
GN=CST*G (N)
G (N) =GN
300 CONTINUE
RETURN
END
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APPENDIX C

COMPUTER PROGRAM RICHMD6 FOR THE INPUT IMPEDANCE, CURRENT
DISTRIBUTION, AND FAR-ZONE FIELD OF A MONOPOLE ELEMENT ON A
PERFECT GROUND PLANE

C-1




PROGRAM "RICHMD6.FOR"
D T L e L T ey o

THIS COMPUTER PROGRAM, IN FORTRAN LANGUAGE, VAS VRITTEN BY DR.
JACK RICBMOND OF OBIO STATE UNIVERSITY. IT USES A SINUSOIDAL-GALERKIN
METHOD OF MOMENTS TO COMPUTE THE INPUT IMPEDANCE, CURRENT DISTRIBUTIONS,
AND ANTENNA PATTERN OF A MONOPOLE ELEMENT OF LENGTH h AND RADIUS b ON A
PERFECT GROUND PLANE OF INFINITE EXTENT. A DETAILED DERIVATION IS
PUBLISHED IN REFERENCE 1.

eXeNeNo N Ne s NeRe ReRe No X!

REFERENCE:

1) J.B. RICHMOND, "COMPUTER PROGRAM VAIT-SURTEES", REPORT
PREPARED FOR THE MITRE CORPORATION, 29 DEC. 1989.

LR R 2 IR IR IR IR I N I I I I 2

RARRRARARARARRRRARARRARARTRREARRRAERARERA R RRh AR R kT hhhhhhRidkddidhkhkdhhhrrhhrdk

THIS COMPUTER PROGRAM REQUIRES FIVE INPUTS WHICB ARE ENTERED FROM
AN INPUT FILE NAMED "RICH6_IN.DAT".

b/ = AL = MONOPOLE ELEMENT RADIUS IN WAVELENGTHS
h/A = BL = MONOPOLE ELEMENT LENGTH IN VAVELENGTHS
b;/b = BAR = RATIO OF OUTER TO INNER CONDUCTOR RADII OF
THE COAXIAL LINE FEED.
CMM = CONDUCTIVITY OF MONOPOLE ELEMENT
(MEGAMHOS/METER)
= -1 FOR PERFECTLY CONDUCTING MONOPOLE ELEMENT
IFLAG « FLAG FOR MONOPOLE ELEMENT CURRENT DISTRIBUTIONS
= 0, MONOPOLE ELEMENT CURRENTS COMPUTED BY METHOD OF
MOMENTS
= -1, MONOPOLE ELEMENT CURRENTS VITH IDEALIZED
SINUSOIDAL DISTRIBUTION AND FOR INFINITE
CONDUCTIVITY OF TEE MONOPOLE ELEMENT
f = FMC = FREQUENCY IN MEGAHERTZ
NOTE: IF CMM = -1, IT IS NOT NECESSARY ToO
SPECIFY AN INPUT VALUE FOR FREQUENCY

I, =
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LINK CISI;FRILLS;TPLZ;TSPAR;ZSURF

REAL G(100),ANG(100),DIRECDB(100),DIRECRP(100),DIRMAX

INTEGER HALFNTH,NTH

COMPLEX C0Q,CJI,CJA,CJB,DELZ

COMPLEX EC,EGZ,EJH,EJS,ETA2,ETD,ETH

COMPLEX GM,GP,Q1,Q2,Q3,RC

COMPLEX Y11,211.2FIN,ZINF,2S,2SG

COMPLEX CJ(99),GI(99),U(99),VJ(99),¥(99),2J(99)

OPEN(UNIT=4,PILE='RICH6 IN.DAT’,STATUS=’OLD’,READONLY)
OPEN(UNIT=10,FILE=’RICHG OUT.DAT’,STATUS='NEV’)

DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/

DATA BO,00/8.85418533677B-12,1.25663706144E~6/

DATA P2,B/1.57079632679,2.718281828/

DATA IDM/99/

(o R L L T e e o Y
c VAVH = VAVELENGTH IN FREE-SPACE (METERS). *
c NOTE: NOT USED IF CMM = -1. *




CHRERRKAARARARKAFRRARARRRRNARRAAARRARAAARARARAAARRRTARRNARARR LA AL R Ak dhkhhkkk

2 FORMAT(7X,8F11.5)
3  PORMAT(8X,8F16.10)
4  FPORMAT(4X,8F11.5)
7  FORMAT(35X)
521 PORMAT(1X,A)
oL g Ty L e 2 e o L T B e

C INPUTS *
[ 232232222222 et e it e dledladdedtasteelsdtaidaadadiatiadaddiitliylatslilssl)

READ(4,*)AL,HL,BAR,CHM, IFLAG
IF(CMM.EQ.-1)GOTO 8

READ(4,*) PMC
VAVM«300./PMC
8 CONTINUE
IVR=1
L L b L S 3 D L s T T e e
c INPUT WRITE STATEMENTS *

foc 22 222222222 22 el et diadetdeddetdad et tdetiatiadaddiitsadtastatetdialissdty

CALL HEADING2(AL,HL,BAR,CMM,IFLAG)
AK=TP*AL
HK«TP*HL
SK=2.%HK
EJS=CMPLX(COS(SK),SIN(SK))
CHK=COS (HK)
SHK=SIN(HK)
EJH=CHMPLX(CHK, SHK)
NS=15.*BL
IF(NS.LT.6)NS=6
IF(NS.GT.IDK)NS=IDM
IG=NS/2
IF(IFLAG.EQ.0)GOTO 43
IG=1
CHMa-1.

43 CONTINUE
NS=2*1G
NaNS-1
28=(.0,.0)

IF(CMM.GT.0.)CALL 2SURF(AK,CMM,FMC,ZS)
o L L L L s L T T T2

C ZS = SURFACE IMPEDANCE OF MONOPOLE VIRE. *
bl Lt e A g a2

DK=HK/IG

CDK=COS(DK)

SDK=SIN(DK)
L L R e L L s e
C ZJ(N) = FIRST ROV OF IMPEDANCE MATRIX FOR DIPOLE IN FREE SPACE, *
C USING GALERKIN’S METHOD WITH OVERLAPPING SINUSOIDAL BASIS FUNCTIONS. *
C (DIPOLE LENGTH = TWICE THE MONOPOLE LENGTH, USING IMAGE THEORY.) *

CRARNRRNRAAREERRERRARARRAAARRAEAARATRRAARAAARAARARRRAEARAARATR AR A F R AI AR HRbh L

CALL TSPAR(AK,DK,N,2J)
IFP(CMM.LT.0.)GO TO 52
GK=2.*(DK-CDK#*SDK)
GL=SDK-DK*CDK

FHe4 . *PI*AK*SDK*SDK
ZJ(1)=2J(1)+2S*GK/FB
2J(2)=2J(2)+2S*GL/FH

52 I12«1
CRNRRRARRARRARARARARARAAR AR ERERERREARARAR AR EERA R AR AAEAERENS RSN R b d AR hd ke hdddrd

c SET UP THE MOMENT-METHOD VOLTAGE COLUMN VJ(M) POR DIPOLE IN FREE SPACE.*
D L et e T
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CALL FRILLS(AK,BAR,DK,N,CJ)
DO 60 I=1,N
Ke1+IABS(IG-I)
60 VJI(I)aCJ(K)
ChARRhhkdkhhhhrhkkkhkhhhhdhkrhdbrbRhrrhdhddkdkhkkhhhhhhhrkkhrdihhkhhhhhhrrhkhkhrkddhk
c SOLVE THE SIMULTANEOUS LINEAR EQUATIONS TO DETERMINE THE CURRENTS CJ(N)*

C ON THE VIRE DIPOLE IN FREE SPACE. (THE IMPEDANCE MATRIX IS TOEPLITZ.) *
(g T L e s }

CALL PRCURR

CALL TPLZ(CJ,U,VJ,V,Z2J,IER,IVR,112,N)

VRITE(10,521)CHAR(12)
Chakdhkdkhkhidhhdkhkhkh AR Rk hdokk Rk dohdh A Rk i hdh R kR Ak kk ok d ok h ks sl ik ke sk ok
C ZINF = IMPEDANCE OF MONOPOLE ANTENNA OVER INFINITE GROUND PLANE. *

ChhrrrkkAdAAAdddhddrddARXEAELERRRRAIREARERERERIITRARRR AR ARAEREERRRNA RN R ddkkhk

CALL HEADING2(AL,BL,BAR,CMM,IFLAG)
ZINF=.5/CJ(IG)
RIN=REAL(ZINF)
XIN=AIMAG(ZINF)

CALL PRRES(RRAD,RIN,XIN)
Y112CJ(IG)

PD=.0

PIN=REAL(Y11l)—
PRAD=PIN-PD
EFF=100.*PRAD/PIN

DTH=2.

NTB=1.+90./DTB

DO Ia1,NTH
ANG(I)=(I~1)*DTH
TH=ANG(I)
CALL GAIN(CDK,CJ,DGAIN,DK,U,HK,N,PRAD,SDK,TH,VJ,VAVM)
G(I)=DGAIN*2

END DO

DO I«(NTH+1),91
G(I)=0
ANG(I)=(I-1)*DTH

END DO

C DO I=1,NTH
C VRITE(10,2)ANG(I),G(I),ANG(I+NTR),G(I+NTB)
C END DO

CRARRABEUERRRAARRAAAAEEARRRRENRARARRARA TR RERARRRLRRERA AR TR ARk ki hdhhkhhhtdihd

C  OUTPUT STATEMENTS FOR FAR-FIELD PATTERN HEADINGS (VITH EARTH) *
L L L T L e ey
VRITE(10,850)
850 FORMAT(//1X,
&  'BELEBVATION’,5X,'DIRECTIVE’,6X,’DIRECTIVE',5X, 'RELATIVE’,12X,
& 'FLEVATION’,5X,’DIRECTIVE’,6X,’DIRECTIVE’,5X, RELATIVE’ )
VRITE(10,852)
852 FORMAT(3X,’ANGLE’,9X,'GAIN’,11X,’GAIN’,9X, ' POVER’,
& 16X, ’ ANGLE’ ,9X, 'GAIN’,11X, 'GAIN’,9X, ' POVER’ )
VRITB(10,854)
854 PORMAT(3X,’(DEG)’,7X,(NUMERIC)’,8X,’(DBI)’,9X,’(DB)’,
& 16X, ' (DEG)’, 7X, ' (NUMERIC)’ ,8X, ' (DBI)’,9X,’(DB)’,/5X )
ChARARA AR AR h R AR AR TR R RRAAERAARR AR R AR ARk R R kAR AR R R Rk A AR AR AR Ak AR A AR Rk
CRAARRARRRERRK AR RAERAERARRARNERRAA AR RIAR AR AR RN R AR AR R AR ARRR R AR R RRRR AR R Rk

DIRMAX=0.0
DO N=1,NTB




IF(G(N).NE.O)DIRECDB(N)=10.0*LOG10(G(N))
IF(DIRMAX.LT.DIRECDB(N) )DIRMAX=DIRECDB(N)
END DO
DO N«1,NTH
DIRECRP(N)=DIRECDB(N)-DIRMAX

END DO
Clededesededededederk ke dede s skt s sk v v e s e Rk sk ok sk ok e s s s e b e A e b e e A e e de e ke e ek ks e ek e dede e e e e

C  OUTPUT STATEMENTS FOR FAR FIELD-PATTERN (WITH EARTH) *
Fod L e e S e T e e ey

HALFNTH = NTH/2

DO N=1,HALFNTH
IF( G(N).NE.O) THEN
VRITE(10,750)ANG(N),G(N),DIRECDB(N),DIRECRP(N),

& ANG(N+HALFNTH) ,G(N+HALFNTH) , DIRECDB(N+HALFNTH),
& DIRECRP(N+HALFNTH)
750 FORMAT(3X,F4.0,2F16.5,F13.5,14X,F4.0,2F16.5,F13.5)
ELSE

WVRITE(10,604)ANG(N) ,ANG(N+BALFNTH) ,G(N+HALFNTH),
& DIRECDB(N+HALFNTR) ,DIRECRP(N+HALFNTH)
604 FORMAT(3X,F4.0,9X, '0.00000/,7X, ' -INFINITY',4X, '~INFINITY',
& 14X, F4. 0 2F16.5,F13. 5 )
END IF
END DO

320 CONTINUE
CR*ARAR KRR A AR AR oIk A A drode s d e Rk A deke sk dede ke dedede e dekdede ke e d ke dede Ak dok e deoke de ke
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CLOSE(UNIT=4,STATUS="KEEP' )
CLOSE(UNIT=10, STATUS='KEEP’)
400 CALL EXIT
END
c

c
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C SUBROUTINE GAIN *
oL 2 T g e e L e i T i L 2

SUBROUTINE GAIN(CDK,CJ,DGAIN,DK,ETT,HK,N,PRAD,SDK,TH,VJ,
& VAVM)

COMPLEX CJ(1),ETT(1),VJ(1),CQQ,ETH,ETD
DATA ETA/376.727/

CQQ=CMPLX(.0,2./ETA)

CTHaCOS(.0174533+TH)

STH=SIN(.0174533*TH)

BTD=(.0,.0)

IP(TR.GT.1.)

& ETD=-60.%(.0,1.)*(CDK-COS(DK*CTH) )/ (SDK*STH)

Ze-HK+DK

ETH«(.0,.0)

DO 125 1=1,N
ANG=Z*CTH
ETT (I )=ETD*CHPLX(COS(ANG) , SIN(ANG))
VJI(I)=CQO*ETT(I)*VAVYH
TIF(PRAD.GT..0)ETH=ETB+CJ(I)*ETT(I)
IP(PRAD.LT..0)CJ(I)=VJ(I)

125  Z=Z+DX




IF(PRAD,.GT..0)DGAIN=(CABS(ETH)**2)/(30.*PRAD)
RETURN
END

SUBROUTINE PRCURR
o Ly L L A e Is Ty

c OUTPUT STATEMENTS FOR CURRENT DISTRIBUTIONS *
T L L L T L L L Ty TR T parae s oy
WRITE(10,502)
502 FORMAT(///17X,’CURRENT DISTRIBUTIONS ON MONOPOLE’)
WRITE(10, 506)
506 PORMAT(/5X,’I’,12X,’CJ(I)’,15X,'CJ(I)’,14X,'CI(I)")
VRITE(10,508)

508 PORMAT(17X,'(NORM)',15X,’(MAG)’,8X,’ (PBASE IN DEGREES)’,5X)
o L e

CRERERARRRRAEEARAANARRTRRRARARRRERRRNXAREARNRRRAKAREARA XA AR AR A RR AR AR AR ARk

RETURN

END
c
c

SUBROUTINE PRRES(RRAD,RI,XI)
C
CRRAR ARk AR ddd ok h AR R AR IRk Rt Ak e de ok ded i de s A et de Ao e s ek e otk A ek de s b e de s e ok
C  OUTPUT STATEMENTS FOR RADIATION RESISTANCE, INPUT IMPEDANCE, AND *
c RADIATION EFFICIENCY *
ChAkhdk sk dehhh ke d Ak dhde bk h e kd ok dekdkd ok R ki kde kA kA Sk kR dkk kA kdk ke hddedddkdkdk
C

REAL*8 ETA
c

VRITE(10,954)RRAD

954 FORMAT(1X,’RADIATION RESISTANCE IN OHMS, Rrad’,
& ' (by integration of radiation pattern)’,
& 5X,'Rrad = ’,F10.4 )

WRITE(10,952)RI,XI
952 FORMAT(1X,’INPUT IMPEDANCE IN OHMS, Rin + jXin’,
& 42x,'Rin = ',Fl1.4,
& /77X,’ Xin = ’,F11.4 )
ETA=RRAD/RI
WRITE(10,956)ETA
956 PORMAT(1X,’RADIATION EFFICIENCY, ETA = Rrad/Rin ',

& 40X,'ETA = ',F10.3)
o S T T T
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RETURN
END

SUBROUTINE EARTHTYPE
g L L T

PRINTS OUT THE PROGRAM NAME AND EARTH TYPE *
L T

aAOQOOQ a0

INTEGER CASE
CHARACTER*40 TYPEEARTH

TYPEEARTH = ' PERFECT GROUND’
CASE = 1

C7




1 VRITE(10,100)CASE, TYPEEARTB

100  FORMAT(///21X,'PROGRAM RICHMD6'’,5X,’CASE NO. ‘,I2,’,’,(A))
o L D L L e e
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RETURN
END

SUBROUTINE HEADING2(AL,HL,BAR,CMM,IFLAG)
PRINTS THE HEADINGS FOR OVER FLAT LOSSY EARTH

o060 aaon

CRARAARRREAREAAERARAARARAERREERARAAREARARAREERAE AR RERRERRER ARk Rk Rk ki ddd bk

C PROGRAM DESCRIPTION AND ECHOED INPUT (VITH EARTH) *
o L L L L B 2 e e e

C

CALL EARTHTYPE
VRITE(10,224)AL

224 FORMAT(/1X,'MONOPOLE ELEMENT RADIUS IN VAVELENGTES, AL’,35X,
A ‘AL = ’,F18.10)
VRITE(10,226)HL .

226 FORMAT(1X,’MONOPOLE ELEMENT LENGTH IN VAVELENGTHS, HL’,35X,
A 'HL = ',F18.10)
VRITE(10,228)

228 FORMAT(1X, 'RATIO OF OUTER TO INNER CONDUCTOR RADII OF THE',
A * COAXIAL’)

VRITE(10,230)BAR
230 FORMAT(1X,' LINE FEED, BAR',62X,’BAR = ' F10.3)

VRITE(10,83)
83 FORMAT(1X,’CONDUCTIVITY OF MONOPOLE ELEMENT (MEGAMHOS/METER)‘,

A 'y CHM )
VRITE(10,84)CMM

84 FORMAT(1X,’ = -1 FOR PERFECTLY CONDUCTING MONOPOLE ELEMENT’,
A 30X, 'CMM « ’,F10.3)

WRITE(10,36)
36 FORMAT(1X,’'FLAG FOR MONOPOLE ELEMENT CURRENT DISTRIBUTIONS',

A 'y IFLAG’)
WRITE(10,37)
37 FPORMAT(1X,’ = O, MONOPOLE ELEMENT CURRENTS COMPUTED BY METHOD’,
A * OF")
VRITE(10,11)
11 FPORMAT(7X,'MOMENTS')
VRITE(10,38)
38 FORMAT(1X,’ « -1, MONOPOLE ELEMENT CURRENTS VITH IDEALIZED',

A * SINUSOIDAL’)

VRITE(10,12)
12 PORMAT(8X,'DISTRIBUTION AND POR INIFINITE CONDUCTIVITY OF THE')

VRITE(10,13)IPLAG
13 FORMAT(8X,’MONOPOLE BLEMENT',54X,’IPLAG = ‘,14)
IF(CMM.EQ.-1)GOTO 88

VRITE(10,86)FMC
86 PORMAT(1X,'FREQUENCY IN MEGAHERTZ, FMC’,41X,’FMC = ',FB.3)

88 CONTINUE
C

RETURN

ChAR AR R AR ERRARARRERAAERAER LA AR EERRERRARAATA AN A AR A AR AR AR hkthhhdhhbhdhdatatdt
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c SUBROUTINE CISI *
o L L e ey

SUBROUTINE CISI(CI,CIN,SI,X)
(o L L L L T P I e T e e e aeres

c Standard IBM Fortran Subroutine with slight modifications. *
(o} COSINE INTEGRAL AND SINE INTEGRAL. *
Cc X = ARGUMENT (REAL AND POSITIVE). *
c CI = Ci(x). *
C SI = Si(x). *
C *

CIN = Cin(x).
Y e e 2 e v e e e 7 e e e v e e e e de e e e e de skt dk v g e A e e e e v e e ok e s e e e e A Sk o e e e g ok ok g e sk vt e i ok de e vk e e e e e e e ke de e
DATA GAM,P2/.57721566,1.57079632/
A=ABS(X)
IF(A.GT.4.)G0 TO 10
IF(A.GT..1)GO TO 3
IP(A.GT.0.)GO TO 2
Cl=.0
CIN=.O
SI=.0
RETURN
2 X2=A%A
SI=X*((.03*%X2-1.)*X2/18.+1.)
CIN=,25%X2"((X2/45.-1.)*X2/24.41.)
GO TO 8
3 Ye(4.-A)*(4.4A)
STaX*(((((1.753141E-9%Y+1.568988E-7)*Y+1.374168E-5)*Y+6.939889E-4)
C*Y+1.964882E-2)*Y+4.395509E-1)
CIN= A*A*(((((1.386985E-10*Y+1.584996E-8)*Y
C+1.725752E-6)*Y+1.185999E-4)*Y+4.990920E-3)*Y+1.315308E-1)
8 CI=GAM+ALOG(A)-CIN
RETURN
10 SI«SIN(A)
Y=COS(A)
Z=b./A
U ((((((((4.04B069E-3%2-2,279143E-2)%*2+5.515070B-2)*2-7.261642E-2)
C*Z+4.987716E-2)*2-3.332519E-3)*2-2.314617E-2)*Z2-1.134958E-5)*2
C+6.250011E-2)*2+2,583989E-10
Ve ((C(((((~5.108699E-3%2+2.819179E-2)*Z-6.537283E-2)*Z
C+7.902034B-2)*2-4.400416E-2)*Z-7.945556E-3)%*2+2.601293E-2)#2
C-3.764000B-4)*2-3.122418BE-2)%*2-6.646441E-7)%2,2.500000E-1
CIaZ*(SI*V-Y*U)
SIu-Z*(SI*U+Y*V)P2
IP(X.LT..0)SI--SI
CIN=GAM+ALOG(A)-CI
RETURN

Q

END
c
c
o L e e L L Lot o 3 e
c SUBROUTINE FRILLS *

CRARRRAAAAARERA AN RAERRRAEARRENREEANNERAEAARER AR RRRA R AR R hh Ak h kb iddddddkdihdhdddd

SUBROUTINE FRILLS(AK,BAR,DK,NEQ,VJ)
Lo T L T T e

C FRILLS sets up the voltage column VJ(I). *
Cc VJ(I) = voltage column for perfectly conducting wire dipole in *

C9




c
C
C
C

dedede e R Rk R ek wdkok

20

40

free space using Galerkin’s method and sinusoidal bases, and *
matching the boundary conditions on the surface of the wire. *

Using magnetic-frill model for center-
*********t*********************t****t***t********t******

REAL*8 D2S,RS1,RS2

fed dipole. *

COMPLEX BGZ,GH,GP,GI(ZO),VJ(I),GII,OST,WST

DATA PI,TP/3.14159265359,6.2831

IDM=20

DO 20 I=1,NEQ
vJ(I)=(.0,.0)
vi(1)=(1.,.0)
IF(BAR.LE-I.)RET"RN
vJ(i)=(.0,.0)
NSV=NEQ+1
SDK=SIN(DK)
CDK=COS(DK)
BAL=ALOG(BAR)

QST=CMPLX(.0,1./(4.*BAL*SDK))

BK=AK*BAR

AKS=AK*AK

BKS=BK*BK

LIMaNSV+1
IF(LIH.GT.IDH)LIH-IDH
NPH=6

NPHe2#%(NPH/2)

NPP«NPR+1
PHA=.0174533%20.
DPB=PHA/NPH

PH=.0

DO 90 LPB«1,2
VST=DPE*QST/(3.*PI)
SGN=-1.

DO 80 IPH«1,NPP
VF-3-¢SGN
IF(IPB.EQ.1)VF=l.
IF(1PB.EQ.NPP)VF=l.
CPH=COS(PB)
IF(IPB.GT.1)GO TO 40
IP(LPH.GT.1)G0 TO 40
CPH=COS(DPH/10.)
RS1=2.%*AKS*(1.-CPH)
RS2=AKS+BKS-2. *AK*BK*CPH
RE1=DSQRT(RS1)
RE2=DSQRT(RS2)

CALL CISI(CA,.CIN,SA,REl)
CALL CISI(CB,CIN,3B,RH2)
GI(I)-Z.*CHPLX(CB-CA.SA-SB)
DO 50 I=2,LIM
DZ=DK*(I-1)

D2S«DZ*D2
RA«DSQRT(RS1+DZS)
RB=DSQRT(RS2+DZS)

CALL CISI(CI.CIN.SI,RAQDZ)
CALL CISI(CZ|CIN.52,R3¢DZ)
CP=CMPLX(C2-C1,51-82)
RAMRS1/(RA+DZ)

RBM=RS2/ (RB+DZ)

CALL CISI(CI’CIN'SI.RAH)
CALL 0151(62,CIN,SZ,RSH)
GM=CNPLX(C2-C1, $1-82)

C-10
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BGZ=CMPLX(COS(DZ),SIN(DZ))

50 GI(I)=GP*BGZ+GM/BEG2Z
VJI(1)aVJI(1)+WUPAWST*(GI(2)-CDK*GI(1})
IF(NEQ.LE.1)GO TO 78
Kle0
DO 60 I=2,NEQ
Kl=K1+1
K2«K1+1
K3aK2+1
IP(K3.GT.IDM)GO TO 60
GP=GI(K1)-2.*CDK*GI(K2)+GI(K3)
VI(I)=aVJI(I)+VPAUST*GP

60 CONTINUE

78 SGNa~SGN

80 PH=PH.+DPH
DPB=(PI-PHA)/NPH

90 PH«PHA
VJ(1)=2.%VJ(1)
RETURN
END
c
c
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c SUBROUTINE TPLZ *

ChEARAIRRRRAAANRARAARARARRARARERRARAARAARRERARAA AL R ERARERRERAAAA TR N R AR ARk

SUBROUTINE TPLZ2(C,U,VJ,V¥,Z,IER,IVR,I12,NEQ)
CRANRIAREREERARATRRARAERR IR RA R R R AR AR A ARk 7 A3t vl sb b sk ok sk oo s o s b
C MODIFIED VERSION OF SUBROUTINE FURNISHED BY CHARLES KLEIN.

c SOLVES SIMULTANEOUS LINEAR EQUATIONS.

c SET IVR =(1 OR 0) TO GET (PRINTOUT OR NO-PRINTOUT).

c SET I12 « 1 ON FIRST CALL, WHERE MATRIX INVERSION IS REQUIRED.

C SET I12 = 2 IF MATRIX Z HAS ALREADY BEEN INVERTED ON PREVIOUS CALL.
C NEQ = NUMBER OF SIMULTANEOUS LINEAR EQUATIONS.

C Z(J) 1S THE FIRST ROV OF THE TOEPLITZ IMPEDANCE MATRIX

C VJ(J) = INPUT VOLTAGE COLUMN
C C(J) = OUTPUT CURRENT COLUMN
C U(J) AND V(J) ARE VORK ARRAYS OF LENGTH NEQ

LR R BB N B BE b B 3 I J

C IF IER = 0 , NO ERROR OCCURRED
CRARAAIARERAAERRAAAREAARAAARAAAEREAAREARERRRAREAARRRAARARRRRRR AR AR AR ddd R idhdkd
COMPLEX C(1),U(1),VJ(1),¥(1),2(1)
COMPLEX ALMDA,ALPHA,C1,C2,COEF,PAC,TAUL1,V,V1,V2
2  PORMAT(1X,15,7X,F10.4,7X,F15.7,7X,F10.1)
7  FPORMAT(5X)
IP{NEQ.GT.1)GO TO 8
C(1)aVJ(1)/2(1)
CNOR<CABS(C(1))
GO TO 100
8 IF(I12.NE.1)GO TO 45
N=NEQ-1
IER=0 ’
CRRRRAARAARERAARAEAREARRAR AR RAAAT RN AR ERAR R AR ERA AR AR LRI A At dhdd bt dddd

C NORMALIZE INPUT MATRIX *
CRARRARAARNRANRREREARAANREARAAARRARARAAT AR AR RRE RN AN T AA A AR e h b A kA ddddd
TAUl=2(1)
DO 10 II=1,R
10 Z(I1)=2(1I+1)/TAUl
ALMDA=1.-2(1)*2(1)
U(1)=-2(1)
I=2
15 KKeI-1
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ALPHA=(.0,.0)

DO 20 Mel,KR

LL=I-M
ALPHA=ALPHA+U(M)*Z(LL)
ALPHA=—(ALPHA+Z(I))
IF(CABS(ALPBA).EQ..0)GO TO 130
COEF=ALPHA/ALMDA
ALMDA=ALMDA-COEF*ALPHA
DO 30 J=1,KK

Lal-J
V(J)=U(J)+COEP*U(L)

DO 40 Je1,RK

U(J)=u(J)

U(I)~COEFP
IF(I.GE.N)GO TO 45
I-I#l

GO TO 15

ChRRRAARNARAAARERTREREARARRARARARRRRRRAARAERRRRRRT R ARARARA RN AR kdkddhihhdidk

C THE FOLLOVING COMPUTES THE ELEMENTS OF THE INVERSE *
Lo L s e s S

45

55

60

NH=(NEQ+1)/2
FAC=ALMDA*TAU1

NP=NEQ+1

CNOR«.0

DO 90 I.1,NH

IF(I.NE.1)GO TO 55

V(1)l./PAC

DO 50 J=2,NEQ

V(J)=U(J-1)/FAC

GO TO 70

Cl=U(I-1)

NPINP-I

C2«U(NPI)

DO 60 JJa=1,N

J=NP-JJ

NPJ=NP-J
V(J)=¥(J-1)+(C1*U(J-1)-C2*U(NPJ))/FAC
V(1)<U(I-1)/PAC

ChihkhhhhhhhhhhhhhthhhhRhehihhbhrhRrhhRhhhhhhkbRkhhhdhdhhhhdodrkhkhdkhhhhhkddkid

C MATRIX MULTIPLY *
Lo e N T 2t

70

Vv=(.0,.0)
V1=(.0,.0)

DO 80 J=1,NEQ
V2=VJ(J)

VaVaV24¥(J)

NPJ=NP-J
V1=V1+V24U(NPJ)
C(I)eV

NPI-NP-1

C(NPI)aV1
IF(IVR.LE.0)GO T0 90
CA=CABS(V)
I7(CA.GT.CNOR)CNOR=CA
CA=CABS(V1)
I7(CA.CT.CNOR)CNOR=CA

90 CONTINUE

100 IF(IVR.LE.0)GO TO 120
Lo b N s bt e T T

C PRINT OUT THE SOLUTION FOR THE CURRENTS C(J) *

C-12
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IF(CNOR.LE.O. )CNOR=1.
DO Ia1,(NEQ+1)/2
VaC(I)
CA=CABS(V)
CN=CA/CNOR
PH=.0
IF(CA.GT.0.)PHa57.29578*ATAN2 (AIMAG(V),REAL(V))
IF(I.NE.((NEQ+1)/2))VRITE(10,2)I,CN, (CA*2),PB
IF(I.EQ.((NEQ+1)/2))VRITE(10,22)I,CN, (CA*2),PH
22 PORMAT(1X,15,’ (base)’,f10.4,7x,£15.7,7x,£10.1)
END DO
120 RETURN
130 IEReI
RETURN
END
c
c

CREARARRXEARANARERRRARAARREARANRREARLAARAERRARRREATRRRER AR NRARR AR R AR Ao Rk hikkd

C SUBROUTINE TSPAR *
L L L L T e oy S e )

SUBROUTINE TSPAR(AK,DK,NEQ,Z)
ChehhdhkRhAAARAREAAARARARNEAAARRRARREAERRRAAAR AR AR EEARAARRAARA N AR kid ik
c TSPAR sets up the impedance matrix Z(J).

C 2(J) = First rov of impedance matrix for perfectly conducting

C thin-vire dipole in free space, using Galerkin’s method with

c overlapping sinusoidal basis functions and matching the

(o boundary conditions on the surface of the vire.

c AK = k*a, vhere k = 2*pi/lambda and a = wvire radius.

c DK = k*d, vhere d « segment length.

o} NEQ = number of simultaneous linear equations.
Chikhkkhhhkhhhhhhhhhdhhdddhihhhkhrhhhkhhhhhkkhikrhdrrtihihhrhidkdkkkrhiidihdid

REAL*8 DZS,RS

COMPLEX EID(90),EM(90),EP(90),Z(1)

COMPLEX CEM,CEP,EMD,EPD,EMD2,EPD2,211,222,G11,Q11

DIMENSION CID(90),SID(90),CM(90),CP(90),SM(90),SP(90)

DATA GAM,P2/.577215664,1.57079632/

DATA ETA,P1/376.727,3.14159/

IDM=90

1  PORMAT(3X,’MUST INCREASE DIMENSIONS IN SUBROUTINE TSPAR’)
2 PORMAT(3X,’ACTUAL DIMENSION IDM - ’,I5,6X,
2'REQUIRED DIMENSION MAX2 = ’,I15)

IP(NEQ.LE.O)RETURN

MAX2=NEQ+2

DO 14 Ie1,NEQ

14 2(I)=(.0,.0)

IP(MAX2.LE.IDM)GO TO 16

VRITE(10,1)

VRITE(10,2)IDM,MAX2

RETURN

*
*
*
*
*
*
*
*
*

16 TDKs=2.*DK
S11..0
$13TDK
S$21-DK
$23=3.4DK
DO 20 Nal,MAX2
TaN-1
DZ=I*DK
CID(N)=COS(DZ)
SID(N)=SIN(DZ)
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EID(N)=CMPLX(CID(N),SID(N))
CDK=COS(DK)

SDK=SIN(DK)

EPD=CMPLX(CDK, SDK)
EMD=CMPLX(CDK, -SDK)
EPD2«EPD*EPD

END2 «EMD*EMD
CEM=2.*CDK+EMD
CEP=2.*CDK+EPD

AK2«AK*AK
CSS=ETA/(8.*PI*SDR*SDK)
NPH«6

NPH«2*(NPR/2)

NPP=NPH+1

PHA=.0174533%20.
DPH=PHA/NPH

PH«.0

DO 100 JPR=1,2
CST=DPH*ETA/ (24 . *PI*PI*SDR*SDK )
C22«DPH/(3.%*PI)

SGN=-1.

DO 80 IPH=1,NPP
CPH=COS(PH)

SPH=SIN(PH)
IF(IPH.GT.1)GO TO 30
IF(JPR.GT.1)GO TO 30
PHO=DPH/10.

CPE=COS(PHO)

SPH=SIN(PBRO)

RH=AK*SPH
RSw2.*AK2%(1.-CPH)
RK=DSQRT(RS)

VF=3. +SGN
IF(IPH.EQ.1)VF=1.
IF(IPH.EQ.NPP)VF=l.
VST=WF*CST

V22.WP*C22

DO 40 Nel,MAX2

IaN-1

DZ=I*DK

DZS«D2*DZ

R=DSQRT(RS+DZS)

ARG=R+D2Z

IP(N.BQ.1)ARG=RK

CALL CISI(CP(N),CIN,SP(N),ARG)
BP(N)«CMPLX(CP(N),-SP(N))
IP(N.GT.1)GO TO 38
CM(1)aCP(1)

SH(1)=SP())

EM(1)=EP(1)

GO TO 40

ARG=RS/ARG

CALL CISI(CM(N),CIN,SM(N),ARG)
EM(N)=CHPLX(CM(N),-SH(N))
CONTINUE

Rk . #(-CH(2)+2.%CP(1)-CP(2))
A+2.%CID(3)*(+CN(3)-2.%CN(2)+2.#CP(1)-2.*CP(2)+CP(3))
B+2.#SID(3)*(-SM(3)+2.%SN(2)-2.%SP(2)+SP(3))

Xad % (SM(2)-2.*SP(1)+SP(2))
C+2.#CID(3)#(-SM(3)+2.#SM(2)-2.%#SP(1)+2.*SP(2)-SP(3))
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D+2.%SID(3)*(-CH(3)+2.%CM(2)-2.%CP(2)+CP(3))
Z2(1)=Z(1)+UST*CMPLX(R,X)
IF(NEQ.EQ.1)GO TO 70
R=2.*CID(2)*(-CM(3)+3.*CM(2)~4.*CP(1)+3.*CP(2)-CP(3))
B+2.*SID(2)*(+SM(3)-2.*SM(2)+2.%SP(2)-SP(3))
F+CID(4)*(+CM(4)-2.*CH(3)+CM(2)+CP(2)-2.*CP(3)+CP(4))
G+SID(4)*(~-SM(4)+2.%SM(3)-SM(2)+SP(2)-2.*SP(3)+SP(4))
Xn2.%CID(2)*(SM(3)-3.*SM(2)+4.*SP(1)-3.*SP(2)+SP(3))
H +2.#SID(2)*(CM(3)-2.*CM(2)+2.%CP(2)-CP(3))
T+CID(4)*(~-SM(4)+2.*SM(3)-SM(2)-SP(2)+2.*SP(3)-SP(4))
J+SID(4)*(-CH(4)+2.*CM(3)-CH(2)+CP(2)-2.%*CP(3)+CP(4))
2(2)=Z2(2)+VST*CHPLX(R,X)
IF(NEQ.EQ.2)GO0 TO 70
S1=DK
DO 60 N=3,NEQ
MleN-1
M2=N-2
Nl-N#l
N2=N+2
CPA=CP(M2)-2.*CP(M1)+CP(N)
CPBa2.*CP(N)-CP(M1)-CP(N1)
CPC=CP(N2)-2.*CP(N1)+CP(N)
CMA=CM(M2)-2.*CM(M1)+CM(N)
CMB=2. *CM(N)-CM({N1)-CM(M1)
CHMC=CM(N2)-2.*CM(N1)+CM(N)
SPA=SP(M2)-2.*SP(M1)+SP(N)
SPBa2.#SP(N)-SP(M1)-SP(N1)
SPCaSP(N2)-2.%SP(N1)+SP(N)
SMA=SM(M2)-2.*SM(M1)+SM(N)
SMBa2 ., *SM(N)-SM(N1)-SM(M1)
SMCaSM(N2)-2.*SM(N1)+SM(N)
R=CID(M2)*(CPA+CMA)+2.*CID(N)*(CPB+CMB)+2.*SID(N)*(SPB-SMB)
K +CID(N2)*(CPC+CMC)+SID(N2)*(SPC-SMC)
IF(N.GT.3)R=R+SID(M2)*(SPA-SMA)
Xa-CID(M2)*(SPA+SMA)-2.*CID(N)*(SPB+SMB)+2.*SID(N)*(CPB-CMB)
L -CID(N2)*(SPC+SMC)+SID(N2)*(CPC-CMC)
IF(N.GT.3)X=X+SID(M2)*(CPA-CMA)
60 Z(N)aZ(N)+WST*CMPLX(R,X)
70 PB=PH+DPH
80 SGN=-SGN
DPH=(PI-PHA)/NPH
100 PH=PHA
RETURN
END
C
C
c***ﬁ*‘*‘******fﬁf*******ﬁ****ﬁ****ﬁﬁi***********ﬁ******ﬁﬁ*****ﬁ*i*i********ﬁ*

c SUBROUTINE ZSURF *
b L L e e e e e

SUBROUTINE ZSURF(AK,CMM,FMC,2S)
ct**tit*tﬁit***ﬁtQtﬁﬁ**Qﬁ*fﬂi*ii*t*tt*itt****t*t*tﬁ*i**fi*ﬁ*tt***ﬁ*tiit*t***t*
c ZSURF calculates the surface impedance ZS for thin vire.
c AK = k*a vhere k = 2*pi/lambda and & = vire radius.

c CMM = conductivity of vire (megamhos/meter)

c CHM = -1 for perfect conductivity.
c
C*

LR 2B 2% 2%

MC « frequency (megahertsz).
RRAAARRAEARRAARANRRRRR AR TR AENAAANRARREARA AR TR A AA AR Rk h R h bk

COMPLEX BES,BES1,ZS

DATA EBTA,SQT,TP/376.72727,1.41421356,6.2831853/

SQSVEB=1.E6*SQRT (CMM/TP/IMC/8.85433)
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XeAK*SQSVE

IF(X.GT.8.)GO TO 50

TaX/8.

T2=T*T

Té=T24T2

BER« ((((((-.901E-5%T4+.122552B-2)*T4-.08349609)*T4

24+42.641914)*T4-32.363456)%T4+113.77778)*T4-64. )*T4+1.
BEI«((({((.11346E-3*T4-.01103667)*T4+.52185615)*T4
2-10.567658)*T4+72.817777)#T4-113.77778)%T4+16. )*T2
BERP=X*T2# ((((((~.394E-5*T4+.45957E-3)*T4-.02609253)*T4
2+.66047849)*T4-6.0681481)*T4+14.222222)4T4~4.)
BEIPaX*((((((.4609E-4*Th-.3793B6E-2)*T4+.14677204)*T4
2-2.3116751)*T4+11.377778)*T4-10.666667)*T4+.5)
BES=CMPLX(BER,BEI)
BES1a.707107*CMPLX(BERP-BEIP,BERP+BEIP)
GO TO 100 -

50 XP=.70710681*X

X1s1./X
Fu((~.0459205%X1+.390625E-2)*X1+.08838835)*X1+1.

Ta((~.04603559%X1-,0625)*X1-.08838835)*X1-.39269907+XP
BES=F*CMPLX(COS(T),SIN(T))
F=((.11290231*X1+.03515625)*X1-.26516505)*X1+1.
T=((.1160097%X1+.1875)*X1+.26516505)*X1+1.1780972+XP

BES1=F*CMPLX(COS(T),SIN(T))

100 25=-CMPLX(1.,-1.)*ETA*BES/BES1/SQT/SQSVE

RETURN
END
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APPENDIX D

COMPUTER PROGRAM WAIT-SURTEES FOR THE INPUT IMPEDANCE OF A
MONOPOLE ELEMENT ON A DISK GROUND PLANE ABOVE FLAT EARTH
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COMPUTER PROGRAM WAIT-SURTEES
by
JACK II. RICIIMOND
December 29, 1989

INTRODUCTION !

Appendix | presents Richmond's computer program WAIT-SURTEES.FOR

together with the subroutines CISt, FRILLS, TPLZ, TSPAR and ZSURF.
This FORTRAN program calculates the impedance of a vertical monopole
antenna centered on a circular disk*over the flat lossy earth. This program
combines the following:

a) Richmond's moment method for the impedance Z, of a verlical
monopole antenna on an infinite gronnd planel and

b) The theory of Wait and Surtees for the change AZ in the antenna
impedance, where 42 = Z;, — Z, and Z; denotes the impedance of the
vertical monopole oun a finite circular ground plane over the flat earth.

See: [J. R. Wait and W. J. Surtees, “lmpedance of Top-Loaded Antenna
of Arbitrary Length Over a Circular Grounded Screen,” J. Appl. Phys,,
Vol. 25, pp. 553-555, May 1954).

Coniment statements have been inserted in the main computer program
and in each subroutine to assist the user. Only a few brief additional
comments will be required in this Introduction.

In calculating Z,., the monopole is divided into segments of equal length
and the unknown current distribution is expanded in overlapping siunu-
soidal basis functions. Thus, J(z) is taken to be piecewise sinusoidal. The
magnetic-frill model is employed (rather than the slice-generator modet},
and boundary matching is enforced on the surface of the monopole rather
than on the axis. The wire radius is assumed to be much smaller than
the wavelength. The wire monopole may be assigned perfect conductiv-
ity or finite conductivity as desired. With Galerkin’s method, the calcu-
lated impedance Z,, is believed to be accurate for short, medium and long

TAppreciation is exptessed to The MITRE Corporation for sponsoring this report ,
The computer program WAIT-SURTEES.FOR was developed

by Richmond in 1979 with other sponsorship.
* of infinite conductivity




monopoles. If the monopole length exceeds 6 wavelengths, however, one
may wish to increase the dimensions (IDM=99) in the main program and
subroutine TSPAR.

In the theory of Wait and Surtees, the mor.opole is assumed to have a
sinusoidal current distribution. (It does not appear diflicult to generalize
this to a piecewise-sinusoidal distribution, but we have not attempted this.)
Since the current distribution departs significantly from the sinusoidal 1orm
when the monopole length exceeds one-half wavelength, AZ and Z; may
begin to lose reliability as the monopole length increases. We have not

investigated this possible problem.

Appendix 1l presents the output data generated by WAIT-SURTEES.FOR
on a VAX computer with the same input data indicated in Appendix 1. This
output shows excellent agreement with the original results obtained in 1979
on a DATACRAFT computer. This indicates that no additional double-

precision operations are required for VAX operation.

Richmond has shown that WAIT-SURTEES.FOR is useful even for
a monopole antenna on a circular disk in free space. {J. II. Richmond,
“Monopole Antenna on Circular Disk,” IEEE Trans., Vol. AP-32, pp. 1282-
1287, December 1984]. For this case, set ER=1 and SIG=0 in the main
program.

In WAIT-SURTEES.FOR the monopole is ceniered on a circular disk
which may lie on the surface of the earth, or it may be located any distance
above the earth surface. In the main program HDL denotes the height of
the circular disk above the flat earth, measured in {ree-space wavelengths.

For a monopole on a circular disk on the surface of the earth, Rich-
mond has shown satisfactory agreement between WAIT-SURTEES.FOR
and Richmond’s moment method (which enforces the boundary conditions
to determine the current distributions on the monopole and the disk). See:
{3. H. Richmond, “Monopole Antenna on Circular Disk Over Flat Earth,”
IEEE Trans., Vol. AP-33, pp. 633-637, June 1985.)

In the output data of Appendix I, the resistance RFIN is plotted as the
dashed-line curve of Figure 5 in (Richmond, 1985]. The reactance XFIN in
Appendix 1I should have been plotted as the dashed-line curve of Fignre 6
in [Richmond, 1985]. By mistake, however, the dashed-line curve of Figure
6 shows the output of WAIT-SURTEES.FOR for a monopole on a circular

disk in free space.
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Appendix I, WAIT-SURTEES,FOR

000000

a0 0O00000000

0o

(LR N

WAIT-SURTEES. FOR WAIT.]

IMPEDANCE OF MONOPOLE AT CENTER OF CIRCULAR DISK ON FLAT EARTH.

SEE: WAIT AND SURTEES, “IMPEDANCE OF TOP-LOADED ANTENNA OF
ARBITRARY LENGTH OVER A CIRCULAR GROUNDED SCREEN, " J. APPL. PHYS.,
VOL. 25, PP. 553-555, MAY 1954.

LINK CISI;FRILLS;TPLZ; TSPAR; 2SURF

COMPLEX CQQ,CJI,CJA,CJB,DELZ

COMPLEX EC,EGZ,EJH,EJS,ETA2,ETD,ETH

COMPLEX GM,GP,Q1,02,0Q3,RC

COMPLEX Y11,211,2FIN, 2INF,2S, 286G

COMPLEX CJ(99),GI(99),U(99),VJI(99),W(99),27(99)

DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/

DATA EO,U0/B.85418533677E~12,1.25663706144E~6/

DATA P2/1.57079632679/

DATA IDM/99/

AI,AL,AM = RADIUS OF MONOPOLE WIRE IN (INCHES,WAVELENGTHS,METERS).

BAR = RATIO OF OUTER RADIUS AND INNER RADIUS OF COAXIAL FEED.

BlL, BM = OUTER RADIUS OF CIRCULAR DISK (WAVELENGTHS,METERS) .

CMM = CONDUCTIVITY (MEGAMHOS/METER) OF MONOPOLE WIRE.

CMM = ~1. FOR PERFECTLY CONDUCTING MONOPOLE.

ER = RELATIVE PERMITTIVITY OF EARTH.

FMC = FREQUENCY (MEGAHERT2).

HDL = HEIGHT OF CIRCULAR DISK ABOVE THE FLAT EARTH (WAVELENGTHS).
HDL = -1, FOR CIRCULAR DISK ON THE SURFACE OF THE EARTH.

HL, HM = LENGTH OF MONOPOLE (WAVELENGTHS,METERS)

SIG = CONDUCTIVITY OF EARTH (MHOS/METER).

WAVM = WAVELENGTH IN FREE-SPACE (METERS).
FORMAT (1X, 8F11.5)

FORMAT (1HO)

AL=.003

BAR = 3,

CMM=-1.

ER=q .

FMC=300.

HL~=_ 229

S1G=.001

WAVM=300./FMC

IWR=1

OMEG=TP*FMC*1 .E6
EC=CMPLX (ER, ~SIG/ (OMEG*E0) )
ETA2=~ETA/CSQRT (EC)

AK=TP*AL

HX=TP*HL

SK=2  *HK

EJS=CMPLX (COS (SK) , SIN(SK) )

CHK=COS (HK)

SHK=SIN (HK)

EJH=CMPLX (CHK, SHK)

NS=15.*HL

IF(NS.LT.6)NS=6

IF (NS.GT.IDM)NS=IDM

IG=NS/2

NS=2*I1G

N=NS-1

25=(.0,.0)

IF (CM4.GT.0.)CALL 2ZSURF (AK,CMM,FMC, 2S)

2S = SURFACE IMPEDANCE OF MONOPOLE WIRE.
DKeHK/IG

CDX=COS (DK)

SDK=SIN (DK)

2J(N) = FIRST ROW OF IMPEDANCE MATRIX FOR DIPOLE IN FREE SPACE,
USING GALERKIN’S METHOD WITH OVERLAPPING SINUSOIDAL BASIS FUNCTIONS.
(DIPOLE LENGTM = TWICE THE MONOPOLE LENGTH, USING IMAGE THEORY.)
CALL TSPAR(AK,DK,N,2J)

IF (CMM.LT.0.)GO TO 52

GK=2 . * (DK-CDK*SDK)
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aann

GL=SDK-DX*CDK ¥AIT.2
FH=4 . *P1*AK*SDK*SDK
2J(1) =23 (1) +25°GX/FH
2J(2)=2J (2) +ZS*GL/FH
52 112=1
SET UP THE MOMENT-METHOD VOLTAGE COLUMN VJ (M) FOR DIPOLE IN FREE SPACE.
CALL FRILLS (AK, BAR, DK, N, CJ)
DO 60 I=1,N
K=1+IABS (1G-1)

60 VJI(I)=CJI(K)
SOLVE THE SIMULTANEOUS LINEAR EQUATIONS TO DETERMINE THE CURRENTS CJ(N)

ON THE WIRE DIPOLE IN FREE SPACE. (THE IMPEDANCE MATRIX IS TOEPLITZ.}
CALL TPL2(CJ,U,VJ,W,2J,1ER,IWR,I12,N)
ZINF = IMPEDANCE OF MONOPOLE ANTENNA OVER INFINITE GROUND ., LANE.
ZINF=.5/CJ (1G)
WRITE (6, 2) AL, HL, ZINF
WRITE (15, 2) AL, HL, ZINF
WRITE {6, 5)
WRITE (15, 5)
HDL=-1.
HDK=TP*RDL
ZSG=ETAZ2
IF (HDL.LE..0)GO TO 70
RCw (ETA2-ETA) / (ETA24ETA)
EJH=CMPLX (COS (HDX) , SIN (HDK) )
2SG=ETA* (EJH+RC/EJR) / (EJH-RC/EJH)
70 CONTINUE
PO 100 IBL=1,16
BL=.1"IBL
BK=TP*BL
RK=SQORT (BK*BK+HK*HK)
2INF = IMPEDANCE OF MONOPOLE ON INFINITE CIRCULAR DISK.
2FIN = IMPEDANCE OF MONOPOLE AT CENTER OF FINITE CIRCULAR DISK.
DELZ = ZFIN - 2INF.
CALCULATE DELZ USING THE FORMULA OF WAIT AND SURTEES.
CALL CISI(CP,CIN,SP,2.* (RK+HK))
CALL CISI(CM,CIN,SM,2.* (RK-HK))
Ql=CMPLX (CP, P2~SP) *EJS+CMPLX (CM, P2~5M) /EJS
CALL C1SI (CP,CIN, SP, RK+BK+HK)
CALL CISI(CM,CIN, SM, RK+BK-HK)
CALL CISI(CB,CIN,SB, RK+BK)
Q2wCMPLX (CP, P2-SP) *EJR+CMPLX (CM, P2 -SM) /EJH-CMPLX (CB, P2-SB)
CALL CISI{(CI,CIN,SI,2.*BK)
Q3=CMPLX (CI,P2-SI)
DEL2=Q1-4 . *CHK*Q2+2 . *CHK*CHK*Q3
DELZwZSG*DELZ/ (4. *PI*SHK*SHK)
ZFIN=ZINF+DEL2
WRITE (15, 2)BL, ZFIN
100 WRITE(6,2)BL,2FIN
400 CALL EXIT
END
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SUBROUTINE CISI(CI,CIN,SI,X) c1st.1
Standard IBM Fortran Subroutine with slight modifications.
COSINE INTEGRAL AND SINE INTEGRAL.

X = ARGUMENT (REAL AND POSITIVE).

CI = Cilx).

SI = Si(x).

CIN = Cin(x) .

DATA GAM,P2/.57721566,1.57079632/

A=ABS (X)

IF(A.GT.4.)GO TO 10

IF(A.GT..1)GO TO 3

IF(A.GT.0.)GO TO 2

Ci=. 0

CIN=.0

Si=.0

RETURN

X2=A*A

SIeX* {(.03°X2-1.)*X2/18.41.)

CIN= 252X2% ((X2/45.-1.)%X2/24.41.)

GO TO 8

Y= (4.-A)*(4.4A)

SImX* (({{(1.753141E-9*Y+) 56B988E-7)*Y+1.374168E-5)*Y+6.939889E-4)
C*Y+1.964882E-2)*Y+4.395509E-1)

CIN= A*A* (({((1.3B69BSE-10*Y+]1.584996E-R)*Y
C+1.725752E-6)*Y+1.185999E-4) *Y+4.990920E-3)*¥+1.315308E~1)
CI=GAM+ALOG (A) ~CIN

RETURN

SI=SIN(A)

Y=COS (A)

Z=4./A
Usm ((((((((4.04B069E-372-2 ,279143E-2)*2+5.515070E-2)*2-7.261642E~2)

C*2+44.987716E-2)*2-3.332519E-3)*2~2.324617E-2)*2-1.134958E-5) *2
C+6.250011E-2)*2+42.58398%E-10

Ve (((({(({(-5.10B699E-322+42.819179E-2)*2-6.537283E-2)*2
C+7.902034E-2)*2~4.400416E-2)*2-7.945556E-3) *242,601293E-2) *2
C-3.764000E~4)*2-3.122418BE-2)*2-~6.646441E-7)*2+2 500000E-1
Clm2* (SI®*Vv-Y*U)

SIm-Z*% (SI*U4Y*V) +P2

IF(X.LT..0)SI=~51

CIN=GAM+ALOG (A) -CX

RETURN

END
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FRILLS .1

SUBROUTINE FRILLS (AK,BAR, DK,NEQ, VJ)

FRILLS sets up the voltage column VJ(I).

VJ (1) = voltage column for perfectly conducting wire dipole in
free space using Galerkin’s method and sinusoidal bases, and
matching the boundary conditions on the surface of the wire.

Using magnetic-frill model for center-fed dipole.

REAL*8 D2S,RS1,RS2

COMPLEX EGZ,GM,GP,GI (20),VJ(1),G1I,QST,WST

DATA PI,TP/3.14159265359,6.28318530718/

IDM=20

DO 20 I=),NEQ

VI(1)=(.0,.0)

VI{(l)=(1.,.0)

IF{BAR.LE.1.)RETURN

VJ{1)=(.0,.0)

NSWaNEQ+1

SDK~S1IN (DK)

CDK=COS {DK)

BAL=ALOG (BAR)

QST=CMPLX(.0,1./ (4.*BAL*SDK))

BX=AX*BAR

AKS=AK*AK

BKS»BK*BK

LIMwNSW+1

IF {(LIM.GT.IDM)LIM=1DM

NPH=6

NPHw=2* (NPH/2)

NPPwNPH+1

PHA=.0174533%20.

DPH=PHA/NPH

PH= .0

DO 90 LPHw1,2

WST=DPH*QST/ (3. *PI)

SGNm-1.

DO B0 IPH=1, NPP

WF=3.+SGN

IF (IPH.EQ.1)WF=),

IF (IPH.EQ.NPP)WF=].

CPH=COS (PB)

IF (IPH.GT.1)GO TO 40

IF{(LPH.GT.1)GO TO 40

CPH=COS (DPH/10.)

RS1w=2. *AKS* {1, -CPH)

RS2wAKS+BKS~2 , *AX*BK*CPH

RH1=DSQRT (RS1)

RH2=DSQRT (R52)

CALL CISI(CA,CIN,SA,RH1)

CALL C1SI(CB,CIN, SB,RH2)

GI{1)=2.*CMPLX (CB-CA, SA-SB)

DO $0 I=2,LIM

DZ=DX* (I-1)

DZSeD2*DZ

RA=DSQRT (RS14D2S)

RB=DSQRT (RS2+4DZS)

CALL CISI(Cl,CIN,S]1,RA+D2)

CALL CISI(C2,CIN,S2,RB4D2)

GP=CMPLX (C2~-C1, 81~82)

RAM=RS1/ (RA+DZ)

RBM=RS52/ (RB4D2)

CALL C1S1(C1,CIN, S1,RAM)

CALL CISI(C2,CIN, 82,RBM)

GM=CMPLX (C2-C1, 81-82)

EGZwCMPLX (COS (DZ) , SIN (DZ))

GI (1) =GP*EGZ+GM/EGZ

VI (1) =VI (1) 4WF*WST* (GI (2) -CDK*GI (1))
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60
80
90

IF (NEQ.LE.1)GO TO 78
K1=0Q

DO 60 I=2,NEQ

Kl=Kl1+1

K2=K1l+1

K3=K2+1

IF (K3.GT.IDM)GO TO 60
GP=GI (K1) -2.*CDK*GI (K2) +GI (K3)
VI (1) =VJI (1) +WE*WST*GP
CONTINUE

SGNw-SGN

PH=PH+DPH

DPH= (PI-PHA) /NPH
PH=PHA

VI(1)=2.*VJI(1)

RETURN

END
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TPLI.N

SUBROUTINE TPLZ(C,U,VJ,W,Z, IER, IWR, 112, NEQ)
MODIFIED VERSION OF SUBROUTINE FURNISHED BY CHARLES KLEIN.
SOLVES SIMULTANEOUS LINEAR EQUATIONS.

SET IWR =(1 OR 0) TO GET (PRINTOUT OR NO~PRINTOUT).
SET 112 = 1 ON FIRST CALL, WHERE MATRIX INVERSION 1S REQUIRED.
SET I12 = 2 IF MATRIX 2 HAS ALREADY BEEN INVERTED ON PREVIOUS CALL.
NEQ = NUMBER OF SIMULTANEOUS LINEAR EQUATIONS.
2(J) 15 THE FIRST ROW OF THE TOEPLITZ IMPEDANCE MATRIX
VJ(J) = INPUT VOLTAGE COLUMN
C(J) = OUTPUT CURRENT COLUMN
U(J) AND W(J) ARE WORK ARRAYS OF LENGTH NEQ
IF IER = 0 , NO ERROR OCCURRED
COMPLEX €{1),U{1),VJ(1),W(1),2(1)
COMPLEX ALMDA,ALPHA,C1,C2,COEF,FAC, TAUL,V,V1.V2
2  FORMAT(1X,15,F10.3,F15.7,F10.1)
S  FORMAT (1HO)

IF (NEQ.GT.1)GO TO 8

C(1)=V3(1)/2(1)

CNOR=CABS {C (1))

GO TO 100

8 IF(I12.NE.1)GO TO 45

N=NEQ-1

1ER=Q

C NORMALIZ2E INPUT MATRIX
TAUl=Z (1)
DO 10 II=1,N
10 2(I1)w2(I1+1)/TAUL
ALMDA=1.-Z(1)*2(1)
U(1l)=-2(1)
Im2
15 Kk=1-1
ALPHA= (.0, .0)
DO 20 M=1,KK
LL=1-M
20 ALPHA=ALPHA+U (M) *Z (LL)
ALPHA=~ (ALPHA+2 (1))
I¥ (CABS (ALPHA) .EQ..0)GO TO 130
COEF=ALPHA/ALMDA
ALMDA=ALMDA-COEF *ALPHA
DO 30 J=1,KK
L=I-J
30 W(J)=U(J}+COEF*U(L)
DO 40 J=l1, KK
40 U(I)=W(J)
U (1)=COEF
IF(I1.GE.N)GO TO 45
I=I+1
GO TO 15
C THE FOLLOWING COMPUTES THE ELEMENTS OF THE INVERSE
45 NH=(NEQ+1)/2
FAC=ALMDA*TAU1
NP=NEQ+1
CNOR= .0
DO 90 1=1,NH
IF(1.NE.1)GO TO S5
W({l)=1./FAC
DO S0 J=2,NEQ
S0 W(J)=U(J-1})/FAC
GO TO 70
55 Cl=U(1-1)
NPJ=NP-I
C2=y (NP1)
DO 60 JJo=1,N
JeNp-JJ
NPJ=NP-J

OO0 N0N0 O
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60 W(J)=W(J-1)+(C1*U(J-1)-C2*U(NPJ) )} /FAC
W(l)=U(I-1)/EAC
MATRIX MULTIPLY
70 v=(.0,.0)
Vi=(.0,.0)
DO 80 J=1,NEQ
vV2=VJ(J)
VsV+V2*H (J)
NPJ=NP-J
80 V1sVi+V2*W(NPJ)
C(l)=V
NPI=NP-1
C{(NPI)=Vl
IF (IWR.LE.0)GO TO 90
CA=CABS (V)
IF (CA.GT.CNOR) CNOR=CA
CA=CABS (V1)
1F (CA.GT.CNOR) CNOR=CA
90 CONTINUE
100 IF(IWR.LE.0)GO TO 120
PRINT OUT THE SOLUTION FOR THE CURRENTS C(J)
WRITE (6,5)
IF (CNOR.LE.0.)CNOR=1,
DO 110 I=1,NEQ
v=C (1)
CA=CABS (V)
CN=CA/CNOR
PH=.0
1F (CA.GT.0.)PR=57.29578*ATAN2 (AIMAG (V) , REAL (V})
110 WRITE(6,2)I,CN,CA,PH
WRITE (6, 5)
120 RETURN
130 IER=1I
RETURN

END
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TSPAR. )

SUBROUTINE TSPAR{AK,DK,NEQ,Z)

TSPAR gsets up the impedance matrix 2{J).

Z(J) = First trowv of impedance matrix for perfectly conducting
thin-wire dipole in free space, using Galerkin's method with
overlapping sinusoidal basis functions and matching the
boundary conditions on the surface of the wire.

AK » kea, where X = 2+pi/lambda and a = wire radius.

DK = k*d, where d = segment length.

NEQ = number of simultaneous linear equations.

REAL*B D2S.RS

COMPLEX EID(90),EM(90),EZP(90),2(1)

COMPLEX CEM,CEP,EMD,EPD,EMD2,EPD2,211,222,G11,011

DIMENSION CID(90),8ID(90),CX(90),CP(90),5M(90),SP(90)

DATA GAM,P2/.577215664,1.57079632/

DATA ETA,P1/376.727,3.14159/

1DM=90

FORMAT(3X, 'MUST INCREASE DIMENSIONS IN SUBROUTINE TSPAR’)

FORMAT( 31X, 'ACTUAL DIMENSION 1IDM = ‘,15,6X,

2°'REQUIRED DIMENSION MAX2 = /,15)

IF(NEQ.LE.O)RETURN

MAX2=NEQ+2

DO 14 1=1,NEQ

2(I)=(.0,.0)

IF{MAX2.LE.IDM)GO TO 16

WRITE(6,])

WRITE(6,2)1DM,MAX2

RETURN

TDK=2.*DK

Slle.0

S13=TDK

$21=DK

S23=3,*DK

DO 20 N« , MAX2

JeN-1

DZ«1*DK

CID(N)=COS(DZ)

SID(N)#SIN(DZ)

EID(N)=CMPLXICID(N),SID(N))

CDK=COS(DK)

SDK-SIN(DK)

EPD=CMPLX(CDK,SDK)

EMD=CMPLX(CDK, -SDK)

EPD2=EPD*EFD

EMD2=EMD*EMD

CEM=2, *CDK+EMD

CEP=2.*CDK+EPD

AK2=AK*AX

CSS=ETA/(8.*Pl*SDK*SDK)

NPH=6

NPHe2+(NPH/2)

NPP=NPH+1

PHA=.0174533+20.

DPH=PHA/NPH

PHe .0

DO 100 JPH~1,2

CST=DPH*ETA/(24 .*P1*PI+*SDK*SDK)

C22=DPH/{3.*P1)

SGNe-1,

PO 80 IPH=1,NPP

CPHeCOS(PH)

SPH=SIN(PH)

IF(IPH.GT.1)60 TO 30

IF{(JPH.GT.1)G0 TO 30

PRO=DPH/10.

CPR=COS(PRO)

10
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38

40

SPH=SIN(PHO)

RHeAK*SPH

RS=2.*AK2*(1.-CPH)

RK=USQRT(RS)

WFe 3. +SGN

1P(IPH.EQ.1)WFe=],

IF(IPH.EQ.NPP}WF=1.

WSTeWF*CST

W22eWFeC22

DO 40 Ne=l,MAX2

JuN-1

DZ=]¢DK

DIS=DZ+DZ

R=DSQRT{RS+DZS)

ARG=R+DZ

IF(N.EQ.1)ARGeRK

CALL CISI{CP(N),CIN,SP(N),ARG)
EP(N)=CHPLX{(CP(N),-SP(N))

IF(N.GT.1)GO TO 38

cM(1)=CP(1)

SM(1)=SP(1)

EM(1)=EP(1)

GO TG 20

ARG=RS /ARG

CALL CISI(CM(N),CIN,SM(N),ARG)
EM(N)=CHPLX(CH(N),~SHK(N))

CONTINUE

Red . *(-CM(2)42.*CP(1)-CP(2))
A+2.¢CID(3)%(+CM{3)=2.°CH(2)+2,*CP(1)-2.9CP(2)}+CP(3))
B+2.¢SID(3)*(-SM(3)+2.*8M(2)-2.°SP{2)+SP(3))
Xed.®(SM(2)-2.*SP(1)+SP(2))
C+2.*CID(3)*(~SM(3)+2,*SN(2)-2.*SP(1)+2.°SP(2)-SP({3))
De2.#8ID(3)(~CM(I)+2.°CH(2)-2.*CP(2)+CP(3))
2(1)=e2(1)+WST*CRPLX(R,X)

IF(NEQ.EQ.2)GO TO 70
Re2.°CID{(2)*(=-CM(3)+3.°CH{2)~4.°CP(1)+3.°CP(2)-CP(3))
E42.*5ID(2)*(+SM(3)-2.°SM(2)+2.*SP(2)-SP(3))
FeCID(4)*(+CM(4)~2.*CM(3I)+CM(2)+4CP(2)~2,¢CP(3)+CP(4))
G+SID(4)*(-5M(4)+2.*8SK(3)-SN{2)+5P(2)~2.°SP[3)+SP(4))
X=2 . *CID(2)*(SM(3)-3.9SH{2)+4.*SP(1)-3 *SP(2)+SP(3))
B +2.°SID(2)*(CM(3)-2.*CH{2)+2,°CP(2)-CP(3))
1+CID(4)*(~SM(4)+2.°SM({3)~5SN(2)-SP(2)+2.+SP(3)-SP(4
J+SID(4)*(-CH(4)+2.%CH(3)=CM{2)+CP(2)-2.°CP(3)+CP(4
2{2)=2(2)+WST*CHPLX(R,X}

IF{NEQ.EQ.2)GO TO 70

Sl=DK

DO 60 N=3,NEQ

MlaN-1

M2aN-2

NleNe]l

N2aNe+2

CPA=CP(M2)-2.CP(M]1)+CP(N)
CPB=2.*CP(N)-CP(N]1)-CP(N])
CPCaCP(N2)-2.°CP(N1)+CP(N)
CMA=CM(M2)-2,%CH(M]1)sCH{N)
CMB=2.*CHM(N)-CH(N1)-CH(N]l)
CMC=CM(N2)-2.*CH{N))+CH(N)

SPA=SP(N2)-2 *SP(M1)+SP(N)
SPB«2.*SP(N)-SP(M1)-SP(N])
SPC=SP(N2)-2.*SP(N1)+SP(N)
SMA=SN(N2)-2.°5M(N]1)+SH(N)

BHB=2 . *ER(N)-8SM(N1)-SH(N1)
SMCaSN(N2)-2.48M[N]))+SH({N)

RuCID{(M2) @ (CPASCHUALIGY *CIDIN)*(CPB4CHB)+2.*SID(N)*(SPB-SMB)
R +CID(N2)*(CPC+CMC)+SID(N2)*(SPC-SNC)
IP(N.GT.3)RaR+SID(N2)*(SPA-SHA)

)}
)
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60
80
100

Xe-CID(M2)*{SPA+SMA)-2,*CID(N)*(SPB+SMB)+2.*SID(N)*(CPB-CMB)
L -CID(N2)*{SPC+SMC)+SID(N2)*(CPC-CMC)
IF(N.GT.3)XeX+SID(M2)%(CPA-CMA)

Z(N)»Z{N)+WST*CHPLX(R, X}

PH=PH+DPH

SGN=-SGN

DPH=(P1-PHA)/NPH

PH=PHA

RETURN

END
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SUBROUTINE 2SURF{AK,CHMM,FMC,25)

2SURF calculates the surface impedance IS for thin wire.

AK = k¢a where k = 2¢pi/lambda and 3 = wire radius.
CMM = conductivity of wire {(megamhos/meter)
CHN = -1 for perfect conductivity.
rMC = frequency (megahertz).
COMPLEX BES,BES]1,1S
DATA ETA,SOT,TP/376.72727,1.41421356,6.2831853/
SQSWE=]1 .E6*SQRT(CHM/TP/FMC/8.85433)
XeAK*SQSWE
IF(X.GT.8.)GO TO S0
TeX/8.
T2w=TeT
TdeT2¢T2
BERe((((((-.901E-5°Td+.122552E-2)*T4-.08349609)*T4
2+2.641914)%Td4-32.363456)°T4+113.77778)9T4-64.)°Td+1,
BEI«{(({{({.11346E-3%T4-,01103667)*T4+.52185615)*T4
2-10.567658)9Td+72.817777)*T4-113.77778)9T4+16.)*T2
BERPaXeT2o((({((~.394E-5*Td+ 45957E-3)9T4-.02609253)*T4
2+4.66047849)2Td-6.0681481)2T4+14,222222)*T4-4.)
BEIPwXe({(({((.4609E-4*T4-.3793B6E-2)*T4+.14677204)*T¢
2-2.3116751)*T4+11.377778)*T4-10.666667)*Td+.5)
BESsCMPLX(BER,BE])
BES1=,707107*CHPLX(BERP~BEIP,BERP+BEIP)
GO TO 100
XP=.70710681+X
Xl=1./%
Fe={(~.0459205X1+,390625E-2)2X1+.08038835)*X1+1.
Tw((-.04603559*X1-.0625)*X1-.08838835)*X1-.39269907+XP
BES«F«CMPLX{COS(T),SIN(T))
Fe({.112902312X1+,03515625)9X1~.26516505)+X1+1.
Te({.1160097¢X1+,1B75)*X1+.26516505)*X1+1,1780972+XP
BES1l=FPeCMPLX(COS(T),SIN(T))

100 2S=-CMPLX{(1l.,-1.)*ETA*BES/BES])/SQT/SQSWE

RETURN
END

13
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Appendix II.

AL
0.00300

BL
0.10000
0.20000
0.30000
0.40000
0.50000
0.60000
0.70000
0.80000
0.90000
1.00000
1.10000
1.20000
1.30000
1.40000
1.50000
1.60000

Output data from Wait-Surtees For

HL
0.22900

RFIN

43.93178
28.43193
25.36656
29.26224
34.19707
35.41125
32.85429
30.25837
30.52595
32.74195
33,91415
32.81260
31.15025
31.06938
32.45232
33.36460

RINF
32.22021

XFIN
-27.96955
-20.13158
-11.10953

~-5.85667

-6.53444
-10.37363
-12.58671
~-11.25765

-8.70713

-8.13379

-9.83655
-11.36605
-10.87897

-9.27844

-8.72108

-9.77519
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